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The development of electronic devices based on organic materials has been 
an extensive effort over the last two decades, in the search for more efficient, cost 
effective, and bio-compatible alternatives to inorganic semiconductors. Interest in 
discotic liquid crystals arises from their capacity to combine the high charge carrier 
mobilities found in crystalline compounds with the solubility, processability and 
flexibility encountered in amorphous materials.  
This dissertation focuses on the development of mesomorphic dyes based on 
1,3,5-triazines. The thesis begins with structures possessing a more conventional 
liquid crystal design (e.g. symmetric disk-shaped molecules with six or more side- 
chains) and progresses towards the synthesis of liquid crystals with little to no side-
chains. The removal of side-chains may help promote 3-D charge transport and 
alleviate the detrimental effects associated with defects and charge trapping sites 
that are commonly encountered in discotic liquid crystals. The objective of this 
thesis is to develop structure property relations for these types of triazine 
derivatives. It starts with the molecular design, and is followed by the synthesis and 
characterization of mesomorphism and crystal structures, and finally, important 
optical and electronic properties that are also relevant to organic electronics.  
Chapter 2 presents the synthesis and characterization of board-shaped liquid 
crystals based on diketopyrrolopyrrole and isoindigo dyes. The triazines serve as 
branching points to decrease the aspect-ratio of these typically rod-shaped 
molecules to generate columnar oblique and columnar rectangular phases, 
respectively. Chapter 3 explores the propensity for symmetric tristhiophenyl 
triazine derivatives with three to six alkyl side-chains with methylene linking 
groups to generate liquid crystalline structures. Despite the addition of 
polarizable/polar groups to the molecules periphery, no liquid crystalline behaviour 
was observed.  This is mainly attributed to the molecules conformational flexibility; 
and the non-coplanar side-chains in triazines bearing 4,5-substitued thiophenes 
disrupt the disc-shaped structure that is important for mesomorphism of discotic 




4) between the thiophene and side-chains afforded the less common discotic 
nematic phase, although it was metastable. A single crystal structure showed that 
the carboxylate linking group allowed for coplanar conformations of the side-chains 
and introduced strong dipole-dipole interactions with neighboring molecules that 
help stabilize the liquid crystal phase. Much more stable liquid crystal phases were 
obtained in Chapter 5 when the ester groups were exchanged with cyano acrylate 
groups that extended the π-system and are more electron withdrawing. Owing to 
the molecules’ conformational variability, these molecules possess numerous 
conformers with similar energies and different shapes (e.g. disk-like, rod-like, t-
shaped structures).  As a result, depending on the length of the side-chains used, 
different liquid crystalline phases were observed including the discotic nematic 
(triazines with ethyl, butyl, and octyl chains), smectic A and columnar lamellar 
phases (triazines with octyl and dodecyl chains). This demonstrates that shorter 
chains prefer nematic phases due to poor microphase segregation, while longer 
chains gave higher ordered phases because they are able to interdigitate and 
nanosegregate more effectively. 
Chapters 6 and 7 explore the use low-symmetry and conformational 
flexibility to drive mesomorphism of discotic structures without side-chains. In 
Chapter 6, low-symmetry triazines possessing three different heterocycles 
(pyrazole, thiophene, furan, benzothiophene, carbazole) attached exhibited high 
solubilities (>250 mg/mL) in organic solvents despite their lack of solubilizing 
chains. While mesomorphism was not observed in these structures, the crystalline 
phase was heavily destabilized due to the low-symmetry and 2-fold positional 
disorder of all attached heterocycles but carbazole. In Chapter 7, these low-
symmetry triazines were converted to meta-substituted donor-acceptor structures 
to reduce the HOMO-LUMO gap of these molecules and potentially induce 
mesomorphism through strong π-stacking interactions. Triazines substituted with 
thiophenes bearing pyrrolidine (donor) and vinyl malononitrile (acceptor) 
exhibited a soft crystalline mesophase with short π-stacking distances of 3.39 Å. In 
addition, strong meta-coupling between donor and acceptor arms was observed 
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CHAPTER 1:  
Self-Assembly of Small Molecule Liquid Crystals 
1.1 General Introduction 
Inspired by its prominence and vital role in nature, molecular self-assembly has 
emerged as an attractive approach for the development of new functional materials 
with unique physical and chemical properties.1 Molecular self-assembly can be 
described as an equilibrium process in which molecules spontaneously come 
together to form stable and well-defined supramolecular structures via enthalpic 
contributions arising from non-covalent interactions and entropic contributions 
from more motional fredom.2 Its ubiquity in nature stems from billions of years of 
natural selection and evolution, which have led to the complexity that is life today.3 
 
Figure 1.1: Schematic illustration of an ionic switch induced by a thermoreversible 
phase transition between a columnar rectangular and hexagonal phase.  Reprinted 
(adapted) with permission from Ref 9. Copyright (2015) American Chemical Society. 
Our attempts to mimic what nature has perfected and to use it to generate a variety 
of materials for applications beyond biology begin with the development of 
molecular design strategies that predictably direct the assembly process. 
Specifically, chemists develop molecules containing functional moieties 
(instructions) that direct molecular recognition and interactions (e.g. hydrogen 
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bonds, π-π interactions, van der Waals forces and repulsive forces) and ultimately 
lead to hierarchical self-assembly.3,4 In addition to its structural predictability, 
supramolecular chemists benefit from the reversibility and adaptive property of 
supramolecular materials. These weaker non-covalent interactions provide a 
dynamic aspect in which bonds can be reversibly destroyed and constructed, which 
then, opens up the possibility for materials with self-healing and recyclable 
features.5,6 Furthermore, due to their dynamic nature, supramolecular materials can 
respond to external stimuli by adjusting their structure, allowing for the 
development of smart functional materials (Figure 1.1.).6–9 Hence, many 
evolutionary features have popularized self-assembly and supramolecular 
chemistry.  
1.2 Introduction to Liquid Crystals 
Liquid crystals (LC) are an archetypal example of self-assembled materials that have 
found wide-spread applications in the modern world.10–12 Originally discovered 
through the double melting of cholesterol benzoates by Friedrich Reinitzer in 1888, 
LCs now refer to a class of compounds that exhibits an intermediate phase 
(mesophase) of matter between that of a crystalline solid and an isotropic liquid.13 
Consequently, these compounds possess both structural order and fluidity, which 
together, have fostered their on-going interest in material8,14–16 and biological17,18 
science. Notably, LCs has come to dominate the display industry due to the ubiquity 
of liquid crystal displays (LCDs) in our everyday lives. This technology exploits the 
dynamic nature of LCs, controlling their supramolecular order through an external 
electric field, and ultimately allowing for light-modulation to give “on” (bright) or 
“off” (dark) states. Today, LCs are finding broader applicability as charge 
transporting materials14 (e.g. light emitting diodes, photovoltaic cells, field effect 
transistors), biological interfaces,17 electrolyte materials,19 and separators.8 
1.2.1 Classes of Liquid Crystals 
LCs can be divided into two classes which depend on how the liquid crystalline 
phase is obtained. Lyotropic LCs refers to molecules which exhibit liquid 
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crystallinity in the presence of a solvent and is concentration and temperature 
dependent. On the other hand, if molecules display liquid crystalline phases by 
solely varying the temperature, they are referred to as thermotropic LCs. 
Thermotropic LCs can be further subdivided into two subclasses depending on the 
molecular shape of their constituent molecules (Figure 1.2). The most common type 
is the calamitic LC, which consists of rod-shaped molecules whose molecular length 
is considerably longer than its breadth. Due to its cylindrical shape, this class of 
materials tends to form layered structures (smectic phases). Disk-shaped molecules, 
whose molecular length and breadth are nearly equal are referred to as discotic LCs, 
and these molecules preferentially stack and self-assemble into columnar 
structures.10 Despite their different classification, calamitic and discotic LCs have 
the same chemical make-up in that they are both composed of an aromatic core with 
flexible alkyl side-chains attached to their periphery. However, the difference lies in 
the type of rigid core used (e.g. para-linked phenyl groups vs. disk-shaped 
aromatics) and the position of the side chains (e.g. terminal vs. radially substituted). 
The topic of this dissertation revolves around discotic LCs as the presence of strong 
π-stacking interactions and their columnar ordering lead to the formation of 
molecular wires that can function as organic semiconductors.14  
 
Figure 1.2: Molecular structure and packing behavior of calamitic vs. discotic LCs. 
1.3 Discotic Liquid Crystals 
Discotic LCs are typically comprised of a rigid polyaromatic core that is surrounded 
by three or more flexible side chains. This general design directs the self-assembly 
of these molecules into 1-dimensional columns which further organize into 2-
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dimensional super-lattices through shape-anisotropy and microphase segregation 
between the rigid core and the flexible side-chains.10,16 The behavior of these 
thermotropic molecules in the liquid crystalline phase can be described by a model 
where the aromatic core and flexible side-chains have different melting 
temperatures.20 Accordingly, when the crystalline material melts into the LC phase 
on heating, the flexible side-chains melt and become conformationally disordered 
while the aromatic cores remain stacked. This persists until the clearing (phase 
transition from LC to isotropic liquid) temperature is reached where all long-range 
self-assembly is lost. Therefore, the crystalline character can be attributed to the 
interaction between aromatic cores, whereas the liquid character is driven by the 
conformational disordering (melting) of the flexible side chains.20 
1.3.1 Design Features 
While the general design of discotic LCs is straightforward, there are many factors 
which dictate whether a molecule will be liquid crystalline or not, as not all disk-
shaped molecules with peripheral chains display mesomorphism. However, most 
effort is required for the fine-tuning of liquid crystalline and electronic properties, 
which is essential for bringing these materials into the commercial world. The main 
design features which affect both the phase behavior and electronic properties 
include the type of aromatic core, the type and number of flexible side-chains, and 
the connecting group between the core and chains (Figure 1.3).  
With well-over a thousand reported discotic LCs in literature, there is a wide 
array of aromatic cores that has been used, ranging from the smallest core derived 
from benzene to large polyaromatic hydrocarbons containing 132 atoms.11,21 Larger 
cores typically give higher charge carrier mobilities due to increased π-stacking 
interaction, but often suffer from high melting (crystal to LC transition) 
temperatures and low solubility.22,23 The symmetry of the core must also be 
accounted for as more symmetric structures often exhibit higher melting 
temperatures in comparison to isomeric molecules with lower symmetry 
(Carnelleys rule).24,25 Finally, the introduction of heteroatoms into the conjugated 
system can influence frontier orbitals and energies which dictate whether the 
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molecule is a p-type (electron rich hole conductor), n-type (electron deficient 
electron conductor) or ambipolar (hole and electron conductor) semiconductor.14 
The bridge between the rigid aromatic core and the fluid side-chains is 
referred to as the connecting/linking group and can play a large role in 
supramolecular organization. Generally, to increase phase stability (broaden LC 
temperature range) the linker should allow for coplanar conformations of the side-
chains with the aromatic core in order to prevent the disruption of π-stacking 
interactions.14,26 The incorporation of polar groups (e.g. amide groups) can also help 
stabilize columnar organization via directed hydrogen bonding interactions 
between neighboring molecules.27,28 The connecting group also influences the 
electronic properties of the aromatic core due to its direct attachment. This can be 
used to further tune  the HOMO and LUMO energy levels of discotic systems.12,14 
Finally, the most tailorable component of a LC system is the side-chains (i.e. 
side-chain engineering) due to its wide variety and ease of attachment. It is often 
used to influence the molecules packing behavior and to tune melting and clearing 
temperatures. Longer chains typically decrease the transition temperatures in LC 
systems, although exceptions to this trend occur depending on the discotic structure 
(e.g. size of core in comparison to length of chain). Branched alkyl-chains increase 
steric demand, which typically disturbs the π-stacking interactions (intracolumnar 
ordering), leading to lower clearing temperatures and phase stability but increases 
solubility. Glycolic chains have been found to increase LC stability due to its greater 
flexibility compared to its hydrocarbon analogues.29 The use of perfluorinated and 
partially-fluorinated side-chains is also beneficial to LC stability because of 
improved nanosegregation (fluorophobic effect). This has been shown to increase 1-
D charge conduction due to reduced defects within the columns.30,31 Evidently, there 
is a lot to consider when designing a LC with tuned properties, and it is this 








Figure 1.3: Examples of cores, connecting groups and side-chains used in discotic LCs. 
1.3.2 Discotic Phases 
Disoctic LCs can adopt two general mesophase types: the nematic phase and the 
columnar phase. The discotic nematic phase (ND) possesses only orientational and 
no long-range positional order, which makes it the least-ordered discotic LC phase 
(Figure 1.4). The preferred direction of a discotics orientation is known as the 
director, which is parallel to the short axis of the discotic molecule. In the discotic 
nematic phase, the molecules have full translational and rotational freedom around 
their short axis but on average, the director of the molecules are oriented parallel to 
one another.32 In comparison to the waxy columnar phase, the nematic phase is the 
most fluid and closely resembles the isotropic liquid phase. Three other types of 
discotic nematic phases exist including the chiral discotic nematic (ND*), the 
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columnar nematic (NCol) and the nematic lateral phases (NL).12,32 The chiral nematic 
phase, also known as the cholesteric phase, occurs when the molecules are chiral or 
a chiral dopant is added to give a helical nematic phase, where the director is 
continuously twisted along the z-axis (Figure 1.4b). The columnar nematic phase, 
typically observed in charge transfer species, is characterized by short stacks of 
columns that are ordered in a nematic arrangement (Figure 1.4c).  Finally, in the 
nematic lateral phase, the discotic molecules form supramolecular aggregates that 
adopt a nematic arrangement (Figure 1.4d). Similar to the columnar nematic phase, 
this phase has only been observed in mixtures of donor and acceptor compounds 
and requires strong lateral interactions.12,32,33   
 
Figure 1.4: Types of nematic phases: a) discotic nematic, b) chiral discotic nematic, c) 
discotic columnar nematic, d) discotic nematic lateral. 
Columnar phases are obtained by the 2-D ordering of columns formed by 
stacked molecules. The various super-lattices adopted by these molecules are 
classified by their orientation along the stacking direction and the symmetry of the 
columns in a 2-D lattice (Figure 1.5). The most prominent columnar phase observed 
is the columnar hexagonal phase (Colh), where the molecules are non-tilted and the 
columns are arranged in a 2-D-hexagonal lattice with 6-fold symmetry. The 
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columnar rectangular phase (Colr) contains several possible symmetry groups 
where the columns formed by tilted discs arrange in a rectangular 2D-lattice leading 
to an ellipsoidal columnar cross-section. Similar to the rectangular phase, the 
columnar oblique phase (Colob) is formed by tilted columns that are arranged on a 
tilted 2D-lattice. Columns formed by helically-stacked molecules render the 
columnar helical phase (Colh*). The columnar plastic phase (Colp) is similar to other 
columnar phases with limited motional freedom. This phase has long-range 3-D 
crystal-like order, where the columns are ordered in a hexagonal lattice but the 
individual molecules can freely rotate along the columnar axis. Finally, in the 
columnar lamellar phase, the molecules stack to form columns that organize into 
layers. The columns within layers possess translational freedom, while there is no 




Figure 1.5: Types of columnar phases: d) columnar hexagonal, e) columnar 
rectangular, f) columnar oblique. 
In addition to the type of phase formed, the orientation/alignment of discotic 
LCs on solid substrates is an important factor to control in these anisotropic 
materials for device applications (e.g. field effect transistors, photovoltaic devices 
and light emitting diodes). The alignment of columnar phases is classified based on 
two extreme alignments of the columnar stacks: homeotropic and planar (Figure 
1.6). In homeotropically aligned samples, the columns (director) are orthogonal to a 
substrate and the discotic molecules adopt a face-on orientation with regards to the 
substrate. In a planar alignment of the columnar stacks and director, the molecules 
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adopt an edge-on orientation with regard to the substrate surface. The homeotropic 
alignment is required for discotic LCs in photovoltaic and light emitting diode 
devices with sandwiched electrodes, while the planar alignment is needed for field-
effect transistors where charge migration occurs between the source and drain 
electrodes on the same substrate.10,12 
 
 
Figure 1.6: Homeotropic and planar alignment of discotic LCs. 
1.4 Characterization Methods of Liquid Crystals 
Thermotropic LCs are generally studied using polarized optical microscopy (POM), 
differential scanning calorimetry (DSC), and powder X-ray diffraction (pXRD).  The 
combination of these three techniques allows us to better understand the bulk 
properties of the discotic mesogens including phase transition temperatures and 
enthalpies, structural packing information, and type of phase. 
1.4.1 Polarized Optical Microscopy 
One of the most essential techniques used to evaluate the liquid crystalline 
character of discotic LCs is POM. In general, POM can be used to observe transition 
temperatures, fluidity, and defect textures which are characteristic of specific LC 
phases (Figure 1.7).10 POM experiments rely on the optical 
anisotropy/birefringence of LCs in which the refractive index is dependent on the 
polarization and direction of incident light. Discotic liquid crystals are optically 
negative where the index of refraction parallel to the director is smaller than the 
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index of refraction perpendicular to it. In this case, incident light parallel to the optic 
axis of a discotic LC is not refracted and can be considered optically isotropic. In a 
POM experiment a sample sandwiched between two glass slides is loaded onto a 
microscope stage that is equipped with a variable temperature stage. A light source 
transmits polarized light through the sample, where it refracts and reaches a 
detector that is cross polarized (i.e. polarization of light source is orthogonal to the 
detector). Therefore, isotropic materials do not refract the incident light, causing a 
dark image to be observed. Anisotropic materials refract the incident light 
depending on the molecular orientation. The structural flaws within a LC generate a 
defect texture that is characteristic to the type of LC phase obtained.34 What 
differentiates LCs from other anisotropic materials (e.g. crystalline solids), other 
than their texture, is their fluidity. Liquid crystals with low viscosity flow upon 
melting from the crystalline phase, resulting in the appearance of a birefringent 
fluid. In addition, pressing on the glass causes a change in the texture, whereas in 
crystalline solids, either no change is observed or cracks with defined edges form. 
 
Figure 1.7: POM image (crossed polarizers) showing gradual crystal growth into 
nematic LC phase. 
1.4.2 Differential Scanning Calorimetry 
DSC is a complementary technique to POM used to evaluate phase transition 
temperatures and enthalpies of mesomorphic materials. By itself, DSC does not 
provide any concrete evidence of LC character but the magnitude of the enthalpy 
change does provide information on the relative change of the degree of ordering at 
the phase transition between two phases.10 A power-compensating DSC operates by 
measuring the difference in heat flow between a sample and reference as a function 
Chapter 1 
11 
References begin on page 27 
 
of temperature. Its magnitude depends on the difference in heat capacity and 
contributions from thermal transitions. As the sample is heated and undergoes a 
phase transition, more or less power is required to ensure the temperatures of the 
sample and reference remain the same. The amount of power required is dependent 
on whether the transition is exothermic or endothermic. Exothermic transitions 
(e.g. isotropic liquid to LC phase or LC phase to crystal phase) result in the release of 
heat by the sample, and thus, require less power from the DSC instrument to 
maintain its temperature linearity with the reference. In contrast, endothermic 
transitions (e.g. crystal to LC phase or LC phase to isotropic liquid) result in the 
absorption of heat by the sample, and thus, require more power from the 
instrument to maintain the same temperature as the reference.35,36 The resulting 
graph of heat flux versus temperature provides information regarding  the amount 
of heat absorbed or released by the sample throughout the heating and cooling 
process. The peak position corresponds to the phase transition temperatures and 
the area under the curve corresponds to the enthalpy of transition. A general DSC 
curve for a discotic LC displaying one mesophase will contain two peaks 
corresponding to the crystal to LC transition and the LC to the isotropic liquid 
transition on heating (Figure 1.8).  
 
Figure 1.8: Generic DSC curve of a LC on heating and cooling with hysteresis. 
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1.4.3 Powder X-Ray Diffraction 
Powder X-Ray diffraction (pXRD) is a powerful technique used to probe how 
molecules pack in the crystalline or liquid crystalline state. X-rays are used due to 
their wavelength being on the same scale as the spacing between atoms. When a 
sample is hit with monochromatic X-rays, secondary diffracted X-ray beams are 
generated which relate to the interplanar spacing of the ordered substance when 
there is constructive interference. This occurs when Bragg’s Law (Equation 1) is met 
where n is an integer (order of reflection), λ is the X-ray wavelength, d is the 
interplanar spacing generating the diffraction, and θ is the diffraction angle.37  
Equation 1:   𝑛λ = 2d sin θ 
The diffracted beam then hits a 2-D detector, creating a bright spot at a specific 
angle. Since the powder sample has a statistically infinite amount of randomly 
oriented microcrystals, a ring of bright spots is generated instead of a single point. 
The angle between the beam and the ring is 2θ, which can then be converted to the 
spacing between planes using Bragg’s Law.37 The 2-D pattern can then be converted 
to a 1-D diffraction pattern where the intensity is plotted against 2θ. The position 
and intensity of the peaks provide the structural information relating to the packing 
of molecules in the bulk material. Diffractograms of LCs are typically split into two 
different angle regions: the small-angle (0<2θ<15°) and wide-angle regions 
(2θ>15°). The small-angle region describes the lateral packing (intercolumnar 
distances) of the molecules, while the wide-angle region contains information about 
the packing of the side chains and π-stacked cores. Determination of the type of LC 
phase is performed by indexing the peaks, which have relative ratios typical of a 
specific phase due to its 2-D lattice geometry. A typical diffractogram of the LC 
phase shows one, two or three sharp peaks in the small-angle region, correlating to 
the lateral packing in a Colh, Colr and Colob phase respectively. The wide-angle region 
typically contains two broad peaks of weaker intensity, corresponding to the 
packing of amorphous side-chains and the π-stacking interaction between cores.38 
2-D diffractograms of aligned samples provide additional information regarding the 
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relative orientation of diffracted peaks (Figure 1.9); however, obtaining aligned 
samples is not always straightforward. 
 
Figure 1.9: Small and wide angle 2-D diffractogram of trimethyl-benzenammonium 
cation in the columnar rectangular phase at 100 °C (left) and columnar hexagonal 
phase at 160 °C (right). Reprinted (adapted) with permission from Ref 9. Copyright 
(2015) American Chemical Society. 
1.5 Discotic Liquid Crystals as Organic Semiconductors 
Interest in discotic LCs over the last two decades has been primarily driven by their 
ability to transport charge carriers along the columns.12,14,39,40 This coincides with 
the interest in crystalline and amorphous π-conjugated organic small molecules, 
oligomers, and polymers, as scientists continue the search for new semiconducting 
materials that rival its well-established inorganic counter-parts based on silicon.41 
The advantages of organic semiconductors over inorganic viersions include their 
solution processability, high flexibility, and potentially lower cost. While charge 
carrier mobilities exceeding 1 cm2 V-1 s-1 have been achieved in single crystals of 
aromatic molecules, controlling their crystal growth and alignment on solid 
substrates remains a significant challenge.39,42,43 On the other hand, amorphous 
organic semiconductors offer good solution processability, substrate uniformity, 
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and device flexibility, but come at the cost of low charge carrier mobilities (e.g. 10-7 
– 10-3 cm2 V-1 s-1).44 Liquid crystalline organic semiconductors are envisioned as a 
possible solution to overcoming the drawbacks associated with crystalline and 
amorphous materials, as they exhibit characteristics that are unique to both. The 
crystal-like packing of aromatic cores in well-ordered LC phases allows for high 
charge carrier mobility, whereas the presence of flexible side-chains and their 
thermal disorder make them more soluble, easier to align, flexible and soft.39 In 
addition, their dynamic nature adds the possibility for self-healing features and 
smart responsive functionality through the control of external stimuli.8 Charge 
carrier mobilities of discotic liquid crystals have reached as high as 0.38 cm2 V-1 s-1 
in discotic LCs based on hexabenzocoronene,45 whereas typical values for most 
discotic systems are in the range of 10-3 - 10-1 cm2  V-1 s-1.12 There are also some rare 
examples of charge transport in high ordered smectic phases of calamatic systems; 
however, their mobilities are typically lower compared to discotic systems and they 
are crystalline at room temperature.46 Still, Iino et al. have shown that high charge 
carrier mobilities, up to 13.9 cm2 V-1 s-1, can be obtained from very uniform 
polycrystalline films of 2-decyl-7-phenyl-benzothienobenzothiophene formed by 
thermally annealing at the SmE phase temperature.47 This shows that crystalline or 
glassy phases of LCs can also be used to achieve high mobilities.  
1.5.1 Mechanism of Charge Transport 
In their pure form, discotic LCs are insulators but can be made conductive through 
charge injection, chemical doping, or photo-irradiation. The overlap of π-orbitals in 
a discotic liquid crystalline phase allows for migration of charge carriers along the 
stacking axis. This transport process can be described by a phonon-assisted hopping 
approach, where charge carriers are localized on singly-charged molecules and 
jump from core to core along the columnar stack. The frequency of charge hopping 
(kET) between two molecules is estimated through semi-classical Marcus theory 
(Equation 2), where T is the temperature, λ is the reorganization energy, t is the 
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Equation 2: ket = (4π2/h)t2(4πλkBT)-0.5e^(-λ/4kBT) 
This equation demonstrates that charge transport is mainly affected by the 
reorganization energy and the intermolecular charge transfer integral. The 
reorganization energy (λ) relates to the geometric fluctuations of adjacent 
molecules and their surroundings when going from the neutral to the charged state. 
The charge transfer integral refers to the strength of the electronic interaction 
(effective overlap and degree of symmetry between the frontier orbitals) between 
two cores.11,49,50 High charge carrier mobilities are obtained when the 
reorganization energy is minimized and charge transfer integral is maximized. 
1.5.2 Tuning Charge Transfer Integrals and Reorganization Energies 
The understanding of the structure-property relationships that lead to efficient 
charge transport is vital to developing new materials for organic semiconductors. 
Consequently, several groups have used cofacial dimers between two aromatic 
cores to study the molecular and structural factors that influence charge transfer 
integrals and reorganization energies.   
Intuitively speaking, the charge transfer integral should depend on the 
relative positions of the interacting molecules, as these positions likely define the 
degree of interaction between their molecular orbitals.48,49,51 Moreover, a 
representative description of charge transfer integrals in columnar mesophases of 
discotic LCs must also include the dynamic properties of these materials. It is known 
from NMR and dielectric studies that molecular dynamics change depending on the 
order and fluidity of the columnar mesophase and may range from fast flipping of 
the discotic molecules within a columnar stack to restricted rotation about the 
stacking axis. However, all columnar mesophases of DLCs seem to exhibit a 
rotational motion about the stacking axis, a slipping motion of molecules lateral to 
the stacking direction, and density undulations along the columnar stacks (i.e. 
temporary change in stacking distance).52 The influence of these motions on the 
charge transfer integral can be conveniently studied by modelling the electronic 
interactions between the frontier orbitals of two cofacially-stacked molecules 
(Figure 1.10).  
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In general, Lemaur et al. discovered that charge transfer integrals of cofacial 
dimers of various-sized polyaromatic cores show that the maxima at equal stacking 
distances increase with increasing core size.51 However, a decrease in charge carrier 
mobility is experimentally observed for cores with more than 42 carbon atoms, 
which suggests that DLCs with very large core sizes do not stack in an orientation 
that provides maximum cofacial interactions. In fact, it has been proposed that 
larger polyaromatic cores often exhibit slipped stack packing behaviour (lateral 
displacement), reducing their π-π interactions.53 
Stacking distances in columnar discotic LCs usually vary between 0.34 nm 
and 0.36 nm and this difference affects the charge transfer integral by less than 
30%.51 More complex is the evaluation of lateral displacement as the change in 
charge transfer integral depends not only on the magnitude of displacement, but 
also the direction. When starting at the maximum of cofacial interaction, a lateral 
displacement of 0.15-0.2 nm may reduce the charge transfer integral by as much as 
50%, but values may increase again for larger displacements. Increases in the 
charge transfer integral with lateral displacement may also be observed when the 
starting configuration represents relative orientations of the molecules that lead to 
minimal interactions.51 
 
Figure 1.10: The effect of vertical, lateral, and rotational displacement of cofacial 
dimers on charge transfer integral.51 The starting point refers to cofacial dimers with 
a π-stacking distance of 0.34 nm. The percentage value refers to the decrease in charge 
transfer integral upon changing one molecules position while the other remains static. 
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Large decreases in the charge transfer integrals are observed if the molecules 
are rotated away from their maximum cofacial overlap. This is a substantial result 
because discotic molecules typically prefer a staggered, rather than an eclipsed, 
orientation, when viewed along the stacking direction. This orientation minimizes 
steric interaction between side-chains and linking groups. The rotation of a 
triphenylene core by 60° away from the cofacial geometry (eclipsed to staggered 
orientation) results in a drop in electronic splitting by up to 99%, and a similar 
effect is observed for the larger hexabenzocoronene core at 30° (Fig. 3).48,51 Clearly, 
it is neither the size nor the shape of the aromatic cores but the shape of the wave 
functions involved in the electronic interactions that define the magnitude of the 
charge transfer integral at a given relative molecular orientation. Moreover, the 
charge transfer integrals of occupied and unoccupied frontier orbitals define hole 
and electron transport, respectively.54 
In contrast to the charge transfer integral, the relationship between 
molecular structure and reorganization energy appears to be less predictable based 
on structural features. What appears to be a general trend in the few systematic 
investigations conducted is a significant decrease in reorganization energy with 
increasing size of the aromatic core (e.g. triphenylene vs. hexabenzocoronene and 
hexaazatriphenylene vs. hexaazatrinaphthylene).14,51,55 The effect of heteroatoms in 
the aromatic core on the reorganization energy has been even less systematically 
studied. What has been shown is a significant increase in the reorganization energy 
for holes when nitrogen atoms are incorporated into the aromatic core. In contrast, 
the reorganization energy of electrons is only slightly affected by the incorporation 
of nitrogen atoms.14 The type of peripheral substituents attached to the central core 
has also been found to have an effect on reorganization energies. Calculations show 
that alkylthio groups have little effect on the reorganization energy in comparison to 
the unsubstituted core, while alkoxy derivatives lead to a significant increase.51 
1.5.3 New Directions 
Aliphatic side-chains are generally regarded as an essential structural feature for 
molecules to form columnar mesophases. They help control phase transition 
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temperatures as well as supramolecular organization in the liquid crystalline phase. 
However, their presence is also responsible for the deficiencies encountered in 
current organic semiconductors based on discotic LCs. 1-D charge transport is 
obtained in discotic LCs due to the insulating layer around the conductive core 
formed by the flexible side-chains and the large intercolumnar distances. This is 
supported by studies performed by Arikainen et al. where electrical conductivity 
parallel to the columns was found to be three to four orders of magntitude larger 
than conductivities perpendicular to the columns.56 Therefore, perfect alignment 
and defect free columnar mesophases are required for optimal charge transport.57,58 
In addition to its effect on charge transport, side chains also complicate alignment 
procedures onto solid substrates, as well as purification processes like 
recrystallization and sublimation, as a result of the compounds’ reduced thermal 
stability.59  
A frontier in designing discotic LCs include generating discotic structures 
with increased π-density by raising the aromatic to alkyl-chain ratio, while ensuring 
these molecules still exihibt liquid crystallinity.60–62 Accordingly, by reducing the 
length, total number of side-chains, or by altering the chains position to the bay 
areas, the intercolumnar distances can be decreased, which in turn, opens up the 
possibility for 3-D charge transport. This would minimize the charge-trapping 
effects of defect sites, while facilitating the alignment and purification of these 
materials. 
 Most reported discotic LCs in literature contain six or more flexible side-
chains due to the need for strong microphase segregation to drive mesomorphism. 
Meanwhile, those containing only three side-chains around the core are far fewer. 
As a result, very little information is available on their charge transport 
characteristics in comparison to their longer-chain analogues. Recently, Zhao et al.60 
and Ni et al.63 developed truxene derivatives (Figure 1.11a&b) with high π-density 
containing only three side-chains around its periphery, which show high charge 
carrier mobilities on the order of 10-2 cm2 V-1 s-1 in the columnar hexagonal phase. 
The high mobility in these systems was attributed to the high aromatic/aliphatic 
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ratio as similar derivatives with six long-chains, reported by Kato et al., gave 
mobilities of 10-4 cm2 V-1 s-1.64 Liu et al. took it one step further by synthesizing a 
windmill-shaped truxene derivative, containing three laterally substituted chains 
(Figure 1.11c), that allows for even closer intercolumnar packing. Consequently, fast 
ambipolar charge transport was observed in the columnar hexagonal phase of this 
system with mobilities up to 0.1 cm2 V-1 s-1. 62 
 
Figure 1.11: Truxene derivatives with only three side-chains: a)Truxene reported by 
Zhao et al.60 b) truxene reported by Ni et al.63 c) truxene reported by Liu et al.62  
 The ideal molecular structure for charge transport in LC systems would 
contain no side-chains as this would fully maximize the π-density of the molecule. In 
1998 Ros et al. discovered the first set of side-chain free discotic LCs based on 
indenes and pseudoazulenes (Figure 1.12).65 The rigid aromatic core was believed 
to be responsible for supramolecular order (stacking) while the polarizable and 
dipolar groups acted as unusual soft parts that reduced the correlation between 
neighboring molecules at higher temperatures.65  
 
Figure 1.12: Indene and pseudoazulene based side-chain free discotic LCs. 
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In order to explain and better understand the liquid crystalline character of 
these molecules and the parameters which control it, the Ros group performed a 
broad and systematic study on these types of molecules.66 In this study, 22 
additional molecules were developed in order to observe the effects of isomerism 
and the variation of the number and type of peripheral substituents on phase 
behavior. Five more side-chain free discotic LCs were discovered in their study and 
several conclusions were drawn. First, all compounds that display columnar 
mesomorphism were found to pack into columnar stacks in the crystalline state. 
Second, isomerism was found to play a large role in the formation of columnar 
mesophases, as subtle changes in position can result in loss of liquid crystalline 
character (Figure 1.13).  
 
Figure 1.13: Effect of isomerism on mesomorphism. 
The third and final finding was that adding/removing and/or changing the 
nature of the polar/polarizable groups can greatly affect the ability for these 
molecules to form columnar mesophases (Figure 1.14). A change from a chlorine to 
bromine (bulkier) substituent resulted in a more stable mesophase as determined 
by their thermal properties. Furthermore, the addition of cyano groups was found to 
play an important role in maintaining macroscopic order at higher temperatures 
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Figure 1.14: Effect of adding/removing or changing polarizable groups on 
mesomorphism. 
Despite these findings, the design criteria for forming side-chain free discotic 
LCs is still not well understood, and their use as an organic semiconductor has not 
been explored. These rare set of molecules are the inspiration for this dissertation 
as they hold the potential for new advancements in organic semiconductors, 
including higher performance and lower costs compared to traditional discotic LCs. 
1.6 Liquid Crystals based on 1,3,5-Triazines 
1,3,5-Triazines have been reported in scientific literature for over 150 years and 
have found wide-spread applications as herbicides/pesticides,67 dyestuffs,68, 
nonlinear-optics69, organic synthesis70 and more.10 More recently, 1,3,5-traizines 
have been explored as the core unit for organic semiconductors due to their high 
electron affinity and thermal stability, as well as their ease of functionalization. 
Their application in industry has also been supported by their low cost, as they are 
derived from inexpensive starting materials.71–74 In addition, the symmetric three-
fold substitution of the 1,3,5-triazine leads to coplanar75, star-shaped donor-
acceptor structures that make it an ideal building block for discotic LCs (Table 1).10 
In almost all of the reported cases, 1,3,5-triazines are symmetrically substituted 
with six or more side-chains and exhibit columnar hexagonal phases. Yasuda et al. 
have shown that these triazines can give good ambipolar charge transport in their 
columnar phase with carrier mobilities of 10-2 - 10-3 cm2 V-1 s-1 in their triazine 
derivative (2,4,6-tris(5-(3,4,5-tris(octyloxy)phenyl)thiophen-2-yl)-1,3,5-triazine).  
Table 1: Phase behaviour of discotic LCs based on 1,3,5-triazines. 
 
Triazine arm Side-Chain Phase Behaviour 
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R = C9H19  Cr 108 Col 166 I 76 
 
R1 = R2 = C10H21 R3 = H 
R1 = R2 = C12H25 R3 = H 
R1 = R2 = C16H33 R3 = H 
R1 = R2 = R3 = C10H21  
Cr 70 Colh 155 I 77 
Cr 55 Colh 91 I  
Cr 65 Colh 77 I  
Colh 34 I Ref. 78 
 
R1 = H R2 = R3 = C8H17 
R1 = R2 = R3 = C6H13 
R1 = R2 = R3 = C8H17 
R1 = R2 = R3 = C10H21 
R1 = R2 = R3 = C12H25 
R1 = R2 = R3 = C16H33 
Cr 75 Colh 82 I  79 
Cr 68 Col 112 I  
Cr43 Colh 102 I  
 Cr -23 Col 90 I  
Cr 8.7 Colh 90 I  
Cr 45 Col 50 Colh 80 I 
 
R = C6H13  
R = C7H15 
R = C8H17 
R = C9H19 
R = C10H21 
R = C11H23 
R = C12H25 
R = C14H29 
R = C16H33 
Cr 72 Colh 148 I 80 
Cr 81 COlh 107 I 
Cr 91 Colh 104 I 
Cr 81.6 Colh 96 I 
Cr 75 Colh 102 I 
Cr 83 Colh 108 I 
Cr 64 Cr1 77 Colh 94 I 
Cr 59 Colh 86 I 
Cr 65 Colh 87 I 
 
R = C8H17 
R = C12H25 
Cr 25 Colh 114 I 81 
Cr 24 Colh 107 I  
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R1 =H  R2 = R3 = OC12H25 
R1 = R3 = OC12H25 R2 = H 
R1 = R2 = R3 = OC12H25 
R1 =H  R2 = R3 = OC16H33 
R1 = R3 = OC16H33 R2 = H 
R1 = R2 = R3 = OC16H33 
 
 
Cr 49 Colh1 161 Colh2 251 I 82 
Cr 49 Colr1 90 Colr2 10 Colh 190 I 
Cr 87 Colh 276 I 
Colh1 53 Colh2 153 Colh3 239 I 
Cr 5 Colh 157 I 
Cr 47 Colh 240 I 
 
R = C12H25 G 8 Col 80 I 81 
 
R1 = R2 = OC10H21 
R1 = R2 = OC11H23  
R1 = OC10H21 R2 = H 
R1 = OC12H25 R2 = H 
R1 = OC14H29 R2 = H 
R1 = OC16H33 R2 = H 
Cr 86 Colh 99 I 83 
Cr 92 Colh 103 I  
Cr 57 Sm 67 141 I 84 
Cr 116 Sm 125 Colh 129 I  
Cr 66 Colh 105 I  
Cr 105 Colh 116 I 84 
1.6.1 Synthetic Approaches to 1,3,5-Triazines 
The most popular synthetic pathway to obtain substituted 1,3,5-triazines is through 
the nucleophilic aromatic substitution of inexpensive cyanuric chloride. Cyanuric 
chloride acts as a heterocyclic acid chloride derivative where each of its chlorine 
atoms can be sequentially substituted with a variety of nucleophiles to generate 
mono-, di-, and tri-substituted 1,3,5-triazines. The stoichiometric reactivity can be 
facilitated with nucleophiles that function as electron-donating substituents through 
temperature control (Scheme 1.1). For example, using amines as nucleophiles the 
first chlorine atom is most reactive and reacts at low temperatures (<0° C). The 
second chlorine requires room temperature to react, and finally, tri-substitution 
requires high temperatures (>60° C).70   
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Scheme 1.1: Stepwise nucleophilic substitution of cyanuric chloride. 
Another widely-used approach to generate symmetric 1,3,5-triazines is 
through the cyclotrimerization of nitriles using triflic acid (Scheme 1.2).81,85 This is a 
very simple synthetic tool for symmetric triazines but the harsh acidic conditions 
limit the use of aromatic nitriles with specific functional groups (e.g. esters and 
ether linking groups).  
 
Scheme 1.2: Trimerization of aryl/heteroaryl nitriles using triflic acid to generate 
2,4,6-substituted 1,3,5-triazines.81 
Herrera et al. have shown that it is also possible to achieve low-symmetry 
triazine derivatives with two or three different substituents using triflic 
anhydride.86 The authors proposed the following mechanism: (a) the initial step 
proceeds by the reaction of the first nitrile derivative (1) with triflic anhydride to 
generate the triflate nitrilium salt (2); (b) the addition of a second nitrile (3) attacks 
the carbocation in 2 to form the immonium salt (4); (c) another equivalent of nitrile 
3 subsequently attacks the newly formed immonium salt to generate 5.  This is then 
followed by a cyclization to form 6, which yields the low-symmetry triazine after 
basic workup (Scheme 1.3). To generate the triazine with three different 
substituents, a third nitrile derivative can be used instead of using two equivalents 
of 2. While this is a promising route for the synthesis of low symmetry triazines, 
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small amounts of symmetric byproducts were obtained, which may be difficult to 
separate. In addition, the formation of the triflate nitrilium salt (2) is reversible and 
thus, the addition of more reactive nitriles may lead to triazines with unwanted 
substitution patterns.86   
 
Scheme 1.3: Proposed mechanism for the trimerization of nitriles to form low-
symmetry triazines using triflic anhydride.86 
In the case of 1,3,5-triazines with conjugated arms, cross coupling reactions 
are often utilized through the carbon-chlorine bond of cyanuric chloride. While most 
aryl/heteroaryl-chlorine bonds are typically slow to undergo oxidative addition 
with palladium catalysts, the carbon-chlorine bond of cyanuric chloride is more 
activated due to its electron-deficient nature. This increased reactivity has allowed 
chemists to employ the Stille,75 Suzuki,87 Sonogashira88 and Negishi89 cross-coupling 
reactions with cyanuric chloride using conventional reaction conditions to generate 
symmetric triazine derivatives (Scheme 1.4). Meanwhile, the latter three methods 
have also been shown to generate low-symmetry derivatives with two or three 
different substituents on the triazine through a stepwise manner.87–89 
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Scheme 1.4: (Top) Symmetric triazine derivatives generated by a three-fold Stille, 
Suzuki, Sonogashira or Negishi cross coupling reaction between metallated-
heterocycle and cyanuric chloride using palladium catalysts. (Bottom) Step-wise 
Suzuki,87 Sonogashira88 or Negishi89 cross coupling reaction to generate triazines with 
two or three different substituents. 
1.7 Scope of Thesis 
Frontiers in discotic liquid crystal research have shown that discotic systems 
with fewer side-chains hold the potential for better performing devices (e.g. higher 
charge carrier mobilities) because they give smaller intercolumnar distances which 
open up the possibility for 3-D charge transport and minimize charge trapping at 
defect sites.60-62 Still, the number of discotic liquid crystals with three or less side-
chains are quite rare in comparison to those possessing six or more. As a result, 
design criteria for these types of molecular systems are still not well understood and 
their utilization as organic semiconductors is underexplored.   
The objective of this thesis is to design molecules that exhibit liquid 
crystallinity with three or fewer side-chains and to develop structure-property 
relationships for these types of structures. In addition to the mesomorphic behavior, 
the target structures should possess excellent optical and electronic properties 
(small HOMO-LUMO gaps) for the eventual application of these molecules in organic 
optoelectronic devices.  
 To achieve the goal of generating discotic liquid crystalline compounds with 
few to no side-chains, 1,3,5-triazines are utilized as core structures because it is an 
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excellent building block for developing co-planar star-shaped polyaromatic 
compounds with low-symmetry and conformational flexibility. The combination of 
conformational flexibility and low-symmetry should help to destabilize the 
crystalline phase, while shape anisotropy, π-stacking interactions and the presence 
of polarizable/polar groups increases the molecules propensity for mesomorphism. 
In addition, the substitution of the electron deficient triazine core with various 
donating groups generates molecules with unique optical properties and small 
HOMO-LUMO gaps.  
 This thesis provides a comprehensive study into the synthesis and 
characterization of triazines possessing more conventional liquid crystalline designs 
with symmetric structures and more than three peripheral chains and progresses 
towards triazines with three and no side-chains and low-symmetry. Ultimately, this 
progression allows us to develop a deep understanding of these types of structures 
and the impact of symmetry, conformational flexibility, and side-chains/functional 
groups on mesomorphic, optical and electronic properties. 
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CHAPTER 2:  
Self-assembly of board-shaped diketopyrrolopyrrole and 
isoindigo mesogens into columnar - stacks  
2.1 Introduction 
Presently, the most promising approach towards the next generation of functional 
materials is the development of compounds that self-assemble into defined 
supramolecular structures.1–3 Which supramolecular structures are generated is 
usually controlled by molecular design as the self-assembly of molecules is guided 
by shape anisotropy, π-π stacking, electrostatic interactions, and microphase 
segregation between incompatible groups.4–8  
 Despite the rapid emergence of diketopyrrolopyrrole (DPP) and isoindigo 
dyes in the field of organic semiconductors over the last decade,9,10 there are only a 
handful of reports on small molecule liquid crystals based on DPP11–14 and none on 
isoindigo. These electron deficient dyes are commonly used as acceptor groups in 
small molecule and polymeric donor-acceptor structures and known for their 
excellent luminescent and electronic properties, and high stability.9,10,15,16 
Incorporation of DPP and isoindigo into liquid crystalline structures has been 
hampered by limited options for substitution and their high propensity for 
crystallization.17,18 Their molecular shapes and positions for substitution naturally 
lead to overall rod-shaped structures that may self-assemble into lamellar 
arrangements (smectic phases).11–13 While some higher ordered smectic 
mesophases have been shown to be reasonable organic semiconductors,19,20 self-
assembled columnar π-π stacks more reliably generate diverse charge conducting 
organic materials.4,19 
The complexity of converting DPP and isoindigo into π-π stacking columnar 
liquid crystals is illustrated by the lack of reports. Only two examples for DPP have 
been reported and they both describe unconventional structures. Soberats, 
Würthner and co-workers reported a fascinating example of self-assembly into 
columnar structures driven by microphase segregation and H-bonding between 
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amide groups of DPP dimers.14 However, this material is not expected to conduct 
charges because of the absence of continuous π-π stacking. Wong and co-workers 
attached two DPP units to opposite sides of a central hexabenzocoronene core.13 
Their least elongated derivative self-assembled into columnar stacks but π-π 
interactions solely involve the central hexabenzocoronene units while the 
peripheral DPP units likely do not interact by π-π stacking. All other derivatives 
favoured lamellar structures. 
Reported here is a molecular design that dictates the self-assembly of DPP 
and isoindigo dyes into columnar π-π stacks (Scheme 2.1). Both dyes are 
functionalized with bis(trisoctyloxyphenyl)-1,3,5-triazines on each side that direct 
the side chains both parallel and orthogonal to the molecules’ long axes to give an 
overall board-shaped rather than a rod-shaped structure. Board-shaped dyes have 
been shown to self-assemble into columnar π-π stacks when sufficiently substituted 
with side-chains and their in-plane aspect ratio is kept below 3.21,22  
2.2 Results and Discussion 
Mesomorphic dyes DPP-LC and II-LC were synthesized in overall yields of 
20% and 25%, respectively, by following a convergent approach (Scheme 2.1 and 
Scheme SI-2.1). DPP-thiophene and isoindigo cores 3 and 6, respectively, and ligand 
10 were prepared from commercially available starting materials in yields of 24%, 
72%, and 31%, respectively, by following established procedures (see experimental 
for details). Di(trialkoxyphenyl) substituted triazine 11 was prepared via a 
microwave assisted two-fold Stille cross coupling reaction between cyanuric 
chloride and 10 in yields >80%. Identical cross-coupling conditions were used for 
the two-fold Stille coupling between 11 and 3 to generate DPP-LC as a dark blue 
crystalline solid in very good yields. In contrast, isoindigo II-LC was prepared in 
only fair yields by a conventional two-fold Suzuki–Miyaura coupling between 11 
and 6 as a brown crystalline solid. 
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Scheme 2.1: Synthesis of mesomorphic dyes DPP-LC and II-LC. 
The thermal behaviours of DPP-LC and II-LC were investigated by polarizing 
optical microscopy (POM), differential scanning calorimetry (DSC) and variable 
temperature powder X-ray diffraction (pXRD) (Figure 2.1 and 2.2 and SI). Both 
compounds exhibit somewhat similar phase behaviour, which may be expected 
considering their overall similar molecular shapes (Figure 2.3), and are mesomorph 
over a broad temperature range of >160 °C.  DSC curves reveal 3 reversible phase 
transitions for both compounds that are assigned to two crystal phases and a 
columnar liquid crystal phase based on POM and pXRD (Figure 2.1). While the 
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crystal to crystal transitions differ in temperatures and enthalpies, the crystal to 
columnar liquid crystal transitions (melting) occur at similar temperatures and the 
columnar liquid crystal to isotropic liquid transition (clearing) temperatures are 
almost identical. Noticeably different are the higher enthalpies for transitions 
involving the columnar liquid crystal phase of DPP-LC. This is reasoned with the 
overall stronger intermolecular interactions between molecules of DPP-LC than 
between molecules of II-LC that are also manifested in the much strong aggregation 
of DPP-LC in solution when compared to II-LC. 
Dendritic defect textures observed by POM are consistent with columnar 
mesomorphism but the absence of fan-shaped textures and pseudo-isotropic areas 
is more consistent with biaxial rather than uniaxial columnar mesophases (Figure 
2.1). It is also noted that the defect textures of the crystal phases resemble those of 
the liquid crystal phases. Since small textural changes of phase transitions often 
indicate small structural changes, it is conceivable that all crystal phases consist of 
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Figure 2.1: Phase behaviour and POM images (crossed polarizers) of DPP-LC and II-
LC. DSC onset temperatures in °C and (transition enthalpies in kJ/mol).  POM images of 
DDP-LC at (a) 25 °C in its Cr2 phase and (b) 188 °C in its Colo phase and of II-LC at (c) 
38 °C in its Cr1 phase and (d) 180 °C in its Colr phase. Cr = crystalline, Colo/r = 
oblique/rectangular columnar mesophase, I = isotropic liquid.  
Despite the similarity of the diffraction patterns of the columnar mesophases 
of DPP-LC and II-LC (Figure 2.2), the former was best indexed as an oblique 
columnar mesophase (Colo), whereas indexing of the latter is most consistent with a 
rectangular columnar mesophase (Colr). Again, formation of the higher ordered Colo 
phase by DPP-LC and its 0.1 Å smaller π-π stacking distance in comparison to II-LC 
are in agreement with stronger intermolecular interactions and the observed higher 
enthalpy for the transition to the isotropic liquid. 
Indexing of the Colo phase of DPP-LC required a deconvolution of the broad 
highest intensity small angle reflection into two overlapping reflections (Figure 2.2).  
The derived lattice parameters and tilt angle of a = 65.54 Å, b = 28.23 Å and γ = 
82.66°, respectively, give a unit area of 1835 Å2. This value multiplied with the 
average stacking distance of 4.6 Å (average distance between side-chains) gives an 
average volume per columnar slice (unit cell) of 8441 Å3. Both, unit area and 
volume, agree well with the estimated dimensions (37 x 25 Å) and volume (4200-
4700 Å3 dependent on method, see Table SI-2.1) of DPP-LC if the unit cell is 
occupied by two molecules and the side-chains are in a molten state (Figure 2.3). 
Similarly, a unit area of 1998 Å2 (a = 52.60 Å, b = 37.99 Å) and a volume of 9191 Å3 
(4.6 Å thick columnar slice) calculated for the Colr phase of II-LC are in good 
agreement with its estimated dimensions of 37 x 24 Å and a volume of 4200-4500 
Å3 (Figure 2. 3 and Table SI-2.2). The Colr phases is likely of p2gg symmetry as the 
presence of the reflection (34) does not satisfy the required condition h + k = 2n for 
c2mm symmetry.23 Details of the pXRD analysis and estimations of molecular 
dimensions are provided in the SI. 
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Figure 2.2: Diffraction patterns of crystalline and columnar liquid crystalline phases 
of DPP-LC and II-LC. The wide-angle diffraction peaks are enlarged along the y-axis 
because of their much lower intensity compared to the small-angle peaks. 
Unexpectedly, the attachment of 14 side-chains per DPP-LC and II-LC 
molecule did not prevent them from crystallizing into brittle solids at temperatures 
around 50 ºC. The large number of reflections in their diffraction patterns is 
consistent with crystal phases rather than soft crystal mesophases and another 
indicator for their high tendency to crystallize. Expectedly, incorporation of 14 side-
chains does prevent a very close packing of the aromatic cores since the observed 
stacking distances are 0.2 Å (DPP-LC) and 0.3 Å (II-LC) larger than the typically 
found 3.5 Å. However, the attachment of relatively short octyl chains, so that they 
occupy space around the perimeter of the planar molecules, successfully converted 
these dyes into board-shaped molecules that display columnar mesomorphism over 
broad temperature ranges. In fact, the presented design generates an in-plane 
aspect ratio of only 1.5, which is well below the estimated threshold for columnar 
self-assembly of 2.5-3.0 for π-π stacking structures.21,22 Both compounds have 
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planar polyaromatic cores according to DFT calculations (Figure SI-2.15) and based 
on structures reported for other benzene substituted 1,3,5-triazine derivatives and 
DPP-thiophene and isoindigo cores. Their planarity and relatively small in-plane 
aspect ratios do not contradict a parallel rather than orthogonal alignment of 
stacking molecules, which is consistent with the observed quenching of fluorescence 
in the columnar mesophase of DPP-LC. 
 
Figure 2.3: Packing structures of Colo and Colr mesophases of DPP-LC and II-LC, 
respectively. Molecules are shown with fully extended aliphatic chains. 
Optical and electronic properties of DPP-LC and II-LC were probed by 
absorption spectroscopy, cyclic voltammetry, and DFT studies. Solution UV-vis 
spectra in CH2Cl2 reveal absorption spectra that are characteristic for substituted 
DPP24 and isoindigo25,26 derivatives. The longest wavelength absorption peaks at 
626 nm and 532 nm for DPP-LC and II-LC, respectively, differ by almost 100 nm but 
the broadness of the peak at 532 nm generates almost identical optical gaps of 1.89 
eV and 1.91 eV (Figure 2.4 and Table 2.1). Absorption spectra of thin films of both 
compounds are extremely broadened and red-shifted with tails reaching 900 nm. 
DPP-LC displays an additional absorption peak at 694 nm that has previously been 
identified as an intermolecular charge transfer band (Fig. SI-2.14).27–29 DPP-LC is 
fluorescent in solution with a quantum yield of 0.36 but not as thin film and no 
fluorescence was detected for II-LC in either solution or solid-state. The shortest 
wavelength emission maximum for DPP-LC is at 652 nm, which results in a 
relatively small Stokes shift of 26 nm. These values are consistent with emission 
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data reported for other DPP-thiophene derivatives, although the fluorescence 
quantum yield is at the lower end of reported values of 0.35 - 0.80.15 
 
Figure 2.4: UV-Vis absorption and emission of DPP-LC and II-LC in CH2Cl2. 
Cyclic voltammetry revealed reversible oxidation and reduction peaks for 
DPP-LC and II-LC (Table 2.1 and SI). Both oxidised at about the same potential of 
1.00 V (vs. SCE) whereas their reduction potentials differ by 0.48 V. The lower 
reduction potential of II-LC makes it a significantly stronger electron acceptor, and 
this may be reasoned with the absence of electron donating thiophene rings that 
likely increase the LUMO energy of DPP-LC. In fact, DFT calculations at the 
B3LYP/6-31G(d) level of theory confirm that both thiophene groups contribute to 
the HOMO and LUMO orbitals of DPP-LC while the HOMO and LUMO orbitals of II-
LC are located mostly on the trialkoxybenzene and triazine-II parts (Figure SI-2.15). 
Estimations of HOMO/LUMO energies based on red/ox potentials gave 
HOMO energies of -5.39 eV and -5.35 eV and LUMO energies of -3.22 eV and -3.70 eV 
for DPP-LC and II-LC, respectively. HOMO/LUMO energies calculated by DFT are in 
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good agreement with the electrochemical values except for the LUMO energy of II-
LC that is of 0.74 eV higher energy. Accordingly, the calculated HOMO/LUMO gap is 
by 1.03 eV larger than the gap estimated by electrochemistry. The measured optical 
gap is only 0.26 eV larger than the electrochemical gap. However, the experimental 
LUMO energies are in good agreement with reported values for isoindigo (-3.5 to -
3.9 eV ) and DPP (-3.0 to -3.7 eV) derivatives.10,24 
Table 2.1: Red/Ox potentials, HOMO/LUMO energies and experimental and calculated 
HOMO/LUMO gaps. 
 E1/2ox/E1/2red a EHOMO/ELUMO/Egb EHOMO/ELUMO/Egc Egd 
DPP-LC 1.04/-1.13 -5.39/-3.22 / 2.17 -5.06/ -2.94/2.15 1.89 
II-LC 1.00/-0.65 -5.35/-3.70/1.65 -5.64/-2.96/2.68 1.91 
[a]First red/ox potentials determined by cyclic voltammetry in V vs. SCE (CH2Cl2, glassy 
carbon working electrode). [b]Calculated based on ELUMO (eV) = -(E1/2 red vs ferrocene + 4.8). 
EHOMO (eV) = -(E1/2 ox vs ferrocene + 4.8). [c]HOMO/LUMO energies and gaps based on DFT 
calculations (B3LYP/6-31G(d)) in vacuum. [d]Smallest optical energy gap based on 
onset of longest wavelength absorption. 
2.3 Conclusion 
In conclusion, a generic molecular design converts both DPP-thiophene and 
isoindigo into board-shaped liquid crystals that self-assemble into columnar 
mesophases with π-π stacking interactions. The columnar structures of their 
mesophases is likely preserved in their crystal phases but no soft-crystal 
mesophases were formed. Significantly stronger intermolecular interactions were 
observed for DPP-LC when compared to II-LC but the latter is the stronger electron 
acceptor. DPP-LC is fluorescent in solution but not in its condensed phases while II-
LC is expectedly not fluorescent. The generic molecular design provides ample 
options for tuning the columnar self-assembly to optimize materials properties for 
specific applications as dyes and organic semiconductors in devices. 
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2.4 Experimental 
2.4.1 Materials 
All reagents and solvents were purchased from Sigma-Aldrich and Strem Chemicals 
and used as received unless otherwise stated. Dry toluene and tetrahydrofuran was 
obtained from a solvent purification system (Innovative Technology Inc., MA, USA, 
Pure-Solv 400). SiliaFlash® F60 (230-400 mesh, from Silicycle, Canada). 
2.4.2 Methods 
1H NMR and 13C NMR spectra were obtained on Bruker NMR spectrometers (DRX 
500 MHz and DPX 300 MHz). The residual proton signal of the deuterated solvent 
(chloroform (CDCl3)) was used as a reference signal and multiplicities of the peaks 
are given as s = singlet, d= doublet, t = triplet, and m = multiplet. HRMS was 
obtained using Waters XEVO G2-XS TOF instrument with an asap probe in CI mode. 
Polarized optical microscopy (POM) experiments were performed using an Olympus 
TPM51 polarized light microscope that is equipped with a Linkam variable 
temperature stage HCS410 and digital photographic imaging system (DITO1). 
Calorimetric studies were performed Mettler Toledo DSC 822e.  Powder X-Ray 
diffraction measurements were obtained from a Brüker D8 Discover diffractometer 
with a GADDS 2D-detector and operated at 40 kV and 40. CuKα1 radiation (= 
1.54187 Å) with an initial beam diameter of 0.5 mm is used.  A modified INSTEC hot 
and cold stage HCS 402 with a STC 200 controller was used for variable temperature 
pXRD measurements. UV-VIS absorption and emission spectra were recorded on a 
Varian Cary 50 Conc UV-Vis spectrophotometer and a PerkinElmer LS50B 
luminescence spectrometer, respectively. Cyclic voltammetry (CV) was performed 
on a standard one-compartment, three-electrode cell connected to a CHI760E 
Electrochemical workstation. A glass carbon disk (3-mm diameter) was used as 
working electrode with a Pt wire as the counter electrode and saturated calomel 
electrode (SCE) as the reference electrode. Solvents were obtained from a solvent 
purification system (Innovative Technology Inc. MA, USA, Pure-Solv 400) and 
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tetrabutylammonium perchlorate (NBu4PF6) of electrochemical grade was used as 
supporting electrolyte (Aldrich). 
2.4.3 Synthesis and Characterization 
3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1): The title 
compound was synthesized according to a literature procedure reported by 
Matthews et al.10 
2,5-dioctyl-3,6-di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (2): The 
title compound was synthesized according to a modified literature procedure 
reported by Matthews et al.10 A 100 mL 2 neck round bottom flask containing 3,6-
di(thiophen-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (6.7 mmol), K2CO3  (20 
mmol) , and DMF (40 mL) was heated to 80 °C under inert atmosphere for 1 hour. 
Bromooctane (20 mmol) was then added and the reaction was stirred overnight at 
70 °C. Upon completion, the reaction mixture was diluted with ethyl acetate and 
washed 3x with di H2O. The remaining organic phase was then collected, dried using 
Na2SO4, filtered, and the solvent was removed under reduced pressure. The product 
was then obtained as a purple solid (1.55 g) after purification by column 
chromatrography using CH2Cl2. Yield 43%. 1H NMR (500MHz, CDCl3, δ ppm): 8.93 
(dd, J = 5 Hz, 2H), 7.64 (dd, J = 5 Hz, 2H), 7.28 (dd, J = 5 Hz, 2H), 4.07 (t, 4H), 1.74 (m, 
4H), 1.41 (m, 4H), 1.26 (m, 16H), 0.87 (t, 6H). 13C NMR (125 MHz, CDCl3, δ ppm): 
161.4, 140.0, 135.3, 130.7, 129.8, 128.6, 107.7, 42.2, 31.8, 30.0, 29.2, 29.2, 26.9, 22.6, 
14.0. 
2,5-dioctyl-3,6-bis(5-(tributylstannyl)thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (3): A 50 mL flask containing 2,5-dioctyl-3,6-di(thiophen-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (1.4 mmol) dissolved in THF (20 mL) 
was cooled to -78 °C under an inert atmosphere. A solution of lithium 
diisopropylamide in hexanes was then added dropwise and the reaction was stirred 
for 1 hour. Tributyltin chloride was then added and the solution was allowed to 
warm to room temperature and stirred overnight.  Upon completion, the reaction 
mixture was diluted with CH2Cl2 and washed 3x with di H2O. The remaining organic 
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phase was then collected, dried using Na2SO4, filtered, and the solvent was removed 
under reduced pressure. The starting material, monosubstituted and disubstituted 
(68% yield) products were separated and isolated as pure compounds using column 
chromatography (CH2Cl2). 1H NMR (300MHz, CDCl3, δ ppm): 9.10 (d, J = 3.6 Hz, 2H), 
7.33 (d, J = 3.9 Hz, 2H), 4.11 (t, 4H), 1.76 (m, 4H), 1.59 (m, 8H), 1.35 (m, 42), 1.18 (t, 
6H), 0.91 (t, 6H), 0.87 (t, 18H). 13C NMR (75 MHz, CDCl3, δ ppm): 161.5, 145.7, 139.5, 
136.7, 136.1, 135.3, 106.8, 42.3, 31.9, 30.0, 29.3, 28.9, 27.3, 27.0, 22.7, 14.12, 13.7, 
11.2, 8.80. HRMS (TOF MS ES+) m/z: (M+H)+ Calcd. for C54H93N2O2S2Sn2, 1105.4745; 
found 1105.4740. 
6,6'-dibromo-[3,3'-biindoline]-2,2'-dione (4): The title compound was synthesized 
according to a modified literature procedure reported by Mei et al.26 6-Bromoisatin 
2 (2.13 g, 9.40 mmol) and 6-bromooxindole 3 (2.00 g, 9.40 mmol) were dissolved in 
30 mL acetic acid. 0.4 mL of concentrated HCl was then added, and the mixture was 
refluxed in a pressure vessel for 24 hours. The mixture was then cooled to room 
temperature and collected by vacuum filtration. The obtained solid was washed 
with acetic acid, water, and methanol, and then recrystallized from 1,2-
dichlorobenzene. The product was obtained as a dark purple brown solid (3.53 g, 
89%). 1H NMR (500 MHz, DMSO-d6): δ 11.10 (s, 2H), 8.99 (d, J = 9.5 Hz, 2H), 7.19 
(dd, J = 10.5 Hz, J = 7.0 Hz, 2H), 6.99 (d, J = 2.0 Hz, 2H). 
6,6'-dibromo-1,1'-dihexyl-[3,3'-biindoline]-2,2'-dione (5): The title compound 
was synthesized according to a modified literature procedure by Mei et al.26. In a 
three-neck round bottom flask, 6,6’-dibromoisoindigo 4 (0.50 g, 1.20 mmol) and 
potassium carbonate (0.82 g, 5.95 mmol, 5 eqv) were dissolved in 20 mL DMF.  The 
reaction mixture was purged with argon for 30 minutes at room temperature. 1-
Bromohexane (0.79 g, 4.75 mmol, 4 eqv) was added to the mixture drop wise 
without the interruption of the argon gas flow.  The reaction mixture was then 
stirred at 200 °C for 1 hour.  The reaction was cooled down to room temperature 
and filtered. The obtained solid was washed with minimal amount of DMF, (3x25 
mL) of water and (2x25 mL) of methanol. The product was obtained as a bright red 
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solid (0.60 g, 86 %). 1H NMR (500 MHz, CDCl3): δ 9.08 (d, J = 8.5 Hz, 2H), 7.18 (dd, J1 
= 8.5 Hz, J2= 2.0 Hz, 2H), 6.93 (d, J = 2.0 Hz, 2H), 3.75 (t, J = 7.5 Hz, 4H), 1.71 (p, J = 
7.5 Hz, 4H), 1.42-1.23 (m overlapping, 12H), 0.90 (t, J = 7 Hz, 6H).  13C NMR (125 
MHz, CDCl3): δ 167.74, 145.77, 132.67, 131.17, 126.74, 125.14, 120.40, 111.32, 
40.27, 31.45, 27.36, 26.66, 22.55, 14.03. 
1,1'-dihexyl-6,6'-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[3,3'-
biindoline]-2,2'-dione (6): The title compound was synthesized according to a 
modified literature procedure reported by Dharmapurikar et al.31  A 50 mL round 
bottom flask containing 6,6'-dibromo-1,1'-dihexyl-[3,3'-biindoline]-2,2'-dione, 
bis(pinacolato)diboron, [1,1′-
Bis(diphenylphosphino)ferrocene]dichloropalladium(II) complex with 
dichloromethane, potassium acetate dissolved in dioxane (20 mL) was heated to 90 
°C under an inert atmosphere and stirred overnight. Upon completion, the reaction 
mixture was diluted with DCM and washed 3x with di H2O. The remaining organic 
phase was then collected, dried using Na2SO4, filtered, and the solvent was removed 
under reduced pressure. The pure product (dark purple solid, 0.36 g) was obtained 
after purification by column chromatography using CH2Cl2. Yield 94%. 1H NMR 
(300MHz, CDCl3, δ ppm): 9.15 (d, J = 8.1 Hz, 2H), 7.49 (d, J = 7.8 Hz, 2H), 7.15 (s, 2H), 
3.80 (t, 4H), 1.72 (t, J = 7.2 Hz, 4H), 1.37 (s, 24H), 1.26 (m, 12H), 0.88 (t, 6H). 13C 
NMR (75 MHz, CDCl3, δ ppm): 174.4, 167.8, 144.1, 134.5, 129.1, 129.1, 124.4, 113.3, 
84.2, 40.1, 31.7, 27.6, 26.8, 25.2, 22.7, 14.2. 
5-bromobenzene-1,2,3-triol (8): The title compound was synthesized according to 
a modified literature procedure reported by Yasuda et al.32  A 250 mL round bottom 
flask containing a solution of 5-bromo-1,2,3-trimethoxybenzene (20 mmol)  in 
CH2Cl2 (100 mL) under inert atmosphere was cooled to  -78 °C. BBr3 (100 mmol) 
was then added dropwise, warmed to room temperature and stirred overnight. 
Upon completion, the reaction mixture was poured into a beaker containing ice cold 
distilled water. The solution was then poured into an extraction funnel, diluted with 
EtOAc and washed 3x with diH2O. The remaining organic phase was then collected, 
dried using Na2SO4, filtered, and the solvent was removed under reduced pressure. 
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The white product was used without any further purification (3.31 g, Crude Yield = 
81%). 
5-bromo-1,2,3-tris(octyloxy)benzene (9): The title compound was synthesized 
according to a modified literature procedure reported by Yasuda et al.32 A 100 mL 2 
neck round bottom flask containing 5-bromobenzene-1,2,3-triol (16 mmol), K2CO3  
(96 mmol) , and DMF (40 mL) was heated to 70 °C under inert atmosphere for 1 
hour. Bromooctane (64 mmol) was then added and the reaction was stirred 
overnight at 70 °C. Upon completion, the reaction mixture was diluted with hexanes 
and washed 3x with di H2O. The remaining organic phase was then collected, dried 
using Na2SO4, filtered, and the solvent was removed under reduced pressure. The 
product was then obtained as a colorless oil (7.18 g) after purification by column 
chromatrography. Yield 82%. 1H NMR (500MHz, CDCl3, δ ppm): 6.67 (s, 2H), 3.93 
(overlapping triplets, 6H), 1.79 (m, 4H), 1.72 (m, 2H), 1.45 (m, 6H), 1.30 (m, 24H), 
0.89 (overlapping triplets, 9H) 13C NMR (125 MHz, CDCl3, δ ppm):  153.8, 137.4, 
115.6, 110.1, 73.5, 69.3, 31.9, 31.8, 30.3, 29.5, 29.4, 29.3, 29.3, 26.1, 26.0, 22.7, 22.7, 
14.1. 
tributyl(3,4,5-tris(octyloxy)phenyl)stannane (10): To a 100 mL round bottom 
flask containing a solution of 5-bromo-1,2,3-tris(octyloxy)benzene (1.16 mmol) in 
THF (40 mL) cooled to -78 °C, n-butyllithium was added dropwise and stirred for 1 
hour under an inert atmosphere. Tributyltin chloride was then added dropwise to 
the solution which was warmed to room temperature and stirred overnight. Upon 
completion the reaction mixture was diluted with ethyl acetate and washed 3x with 
di H2O. The remaining organic phase was then collected, dried using Na2SO4, 
filtered, and the solvent was removed under reduced pressure. The pure product 
(yellow oil, 0.63 g) was obtained after purification by column chromatography using 
hexanes/EtOAc. Yield 46%. 1H NMR (500MHz, CDCl3, δ ppm): 6.67 (s, 2H), 4.02 
(overlapping triplets, 6H), 1.83 (m, 6H), 1.58 (m, 12H), 1.37 (m, 30H ), 1.09 (dd, 6H), 
0.90 (m, 18H). 13C NMR (125 MHz, CDCl3, δ ppm): 152.8, 138.8, 135.6, 114.8, 73.2, 
69.1, 31.9, 31.8, 30.3, 29.5, 29.4, 29.3, 29.1, 27.3, 26.1, 22.6, 14.0, 13.6, 9.7. HRMS 
(TOF MS ES+) m/z: (M)+ Calcd. for C42H81O3Sn, 753.5208; found 753.5212. 
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2-chloro-4,6-bis(3,4,5-tris(octyloxy)phenyl)-1,3,5-triazine (11): A 5 mL 
microwave vial containing cyanuric chloride (1.6 mmol), tributyl(3,4,5-
tris(octyloxy)phenyl)stannane (3.2  mmol), and Pd[PPh3]4 (0.08 mmol) dissolved in 
toluene (3 mL) under N2 was heated to 140 °C for 1.5 hours in a microwave reactor. 
Upon completion the reaction mixture was diluted with ethyl acetate and washed 3x 
with di H2O. The remaining organic phase was then collected, dried using Na2SO4, 
filtered, and the solvent was removed under reduced pressure. The pure product 
(white solid, 0.62 g) was obtained after purification by column chromatography 
using hexanes/CH2Cl2. Yield 83%. 1H NMR (500MHz, CDCl3, δ ppm): 7.82 (s, 4H), 
4.11 (overlapping triplets, 12H), 1.80 (m, 12H), 1.51 (m, 12H), 1.30 (m, 48H), 0.89 (t, 
18H). 13C NMR (125 MHz, CDCl3, δ ppm): 172.7, 171.9, 153.3, 143.2, 129.0, 107.7, 
73.7, 69.2, 32.0, 31.9, 30.5, 29.6, 29.5, 29.4, 26.2, 26.1, 22.8, 14.2 HRMS (TOF MS 
ES+) m/z: (M+H)+ Calcd. for C63H107ClN3O6, 1036.7848; found 1036.7844. 
3,6-bis(5-(4,6-bis(3,4,5-tris(octyloxy)phenyl)-1,3,5-triazin-2-yl)thiophen-2-yl)-
2,5-dioctylpyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DPP-LC): A 5 mL microwave 
vial containing 2-chloro-4,6-bis(3,4,5-tris(octyloxy)phenyl)-1,3,5-triazine (0.1 
mmol), 2,5-dioctyl-3,6-bis(5-(tributylstannyl)thiophen-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione (0.48 mmol), tributyl(3,4,5-tris(octyloxy)phenyl)stannane (3.2  
mmol), and Pd[PPh3]4 (0.005 mmol) dissolved in Toluene (3 mL) under N2 was 
heated to 140 °C for 1.5 hours in a microwave reactor. Upon completion the reaction 
mixture was diluted with ethyl acetate and washed 3x with di H2O. The remaining 
organic phase was then collected, dried using Na2SO4, filtered, and the solvent was 
removed under reduced pressure. The pure product (blue waxy solid, 0.095g) was 
obtained after purification by recrystallization using EtOAc. Yield 80%. 1H NMR 
(500MHz, CDCl3, δ ppm): 9.20 (d, J = 4.5 Hz, 2H), 8.31 (d, J = 4 Hz, 2H), 7.88 (s, 8H), 
4.25 (t, J = 7.5 Hz, 4H), 4.11 (overlapping triplets, 24H), 1.85 (m, 28H), 1.54 (m, 
24H), 1.32 (m, 116H), 0.90 (t, 36H), 0.81 (t, 6H). 13C NMR (125 MHz, CDCl3, δ ppm): 
171.0, 166.9, 161.1, 153.2, 146.9, 142.5, 140.1, 137.0, 134.3, 131.9, 130.1, 109.6, 
107.2, 73.6, 69.0, 42.4, 32.0, 31.9, 31.8, 30.4, 30.0, 29.7, 29.6, 29.5, 29.4, 29.4, 29.3, 
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29.1, 26.9, 26.2, 26.1, 22.7, 22.6, 14.1, 14.0. HRMS (TOF MS ES+) m/z: (M+H)+ Calcd. 
for C156H251N8O14S2, 2524.8616; found 2524.8611. 
(E)-6,6'-bis(4,6-bis(3,4,5-tris(octyloxy)phenyl)-1,3,5-triazin-2-yl)-1,1'-dihexyl-
[3,3'-biindolinylidene]-2,2'-dione (II-LC):  A 50 mL round bottom flask containing 
2-chloro-4,6-bis(3,4,5-tris(octyloxy)phenyl)-1,3,5-triazine (0.29 mmol), 1,1'-dioctyl-
6,6'-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-[3,3'-biindoline]-2,2'-dione 
(0.14), Na2CO3 (0.28 mmol), and Pd[PPh3]4 (0.01 mmol) dissolved in 20% water  in 
THF was heated to 70 °C and stirred overnight under an inert atmosphere. Upon 
completion the reaction mixture was diluted with ethyl acetate and washed 3x with 
diH2O. The remaining organic phase was then collected, dried using Na2SO4, filtered, 
and the solvent was removed under reduced pressure. The pure product (brown 
solid, 0.177g) was obtained after purification by column chromatography. Yield 
52%. 1H NMR (500MHz, CDCl3, δ ppm): 9.38 (d, J = 10 Hz, 2H), 8.43 (d, J = 5 Hz, 2H), 
7.88 (overlapping singlets, 10H), 4.10 (t, 24H), 3.94 (t, 4H), 1.87 (m, 24H), 1.81 (m, 
4H), 1.54 (m, 24H), 1.33 (m, 108H), 0.88 (overlapping triplets, 42H). 13C NMR (125 
MHz, CDCl3, δ ppm): 170.8, 169.9, 167.7, 153.1, 145.0, 142.2, 140.0 133.8, 130.5, 
130.2, 125.1, 122.8, 107.3, 106.8, 73.5, 68.8, 40.4, 32.0, 31.9, 31.6, 30.5, 29.7, 29.6, 
29.5, 29.4, 27.5, 27.0, 26.4, 26.2, 22.7, 22.6, 14.1, 14.0. HRMS (TOF MS ES+) m/z: 
(M+H)+ Calcd. for C154H245N8O14, 2430.8706; found 2430.8745. 
2.5 References 
(1)  Kumar, M.; Kumar, S. Liquid Crystals in Photovoltaics: A New Generation of 
Organic Photovoltaics. Polym. J. 2017, 49 (1), 85–111. 
(2)  Stupp, S. I.; Palmer, L. C. Supramolecular Chemistry and Self-Assembly in 
Organic Materials Design. Chem. Mater. 2014, 26 (1), 507–518. 
(3)  Tschierske, C. Development of Structural Complexity by Liquid-Crystal Self-
Assembly. Angew. Chem. Int. Ed. 2013, 52 (34), 8828–8878. 
(4)  Sergeyev, S.; Pisula, W.; Geerts, Y. H. Discotic Liquid Crystals: A New 
Generation of Organic Semiconductors. Chem. Soc. Rev. 2007, 36 (12), 1902. 
(5)  Xu, Y.; Leng, S.; Xue, C.; Sun, R.; Pan, J.; Ford, J.; Jin, S. A Room-Temperature 
Liquid-Crystalline Phase with Crystalline π Stacks. Angew. Chem. Int. Ed. 
2007, 46 (21), 3896–3899. 
Chapter 2 
50 
References begin on page 49 
(6)  Herbst, S.; Soberats, B.; Leowanawat, P.; Stolte, M.; Lehmann, M.; Würthner, F. 
Self-Assembly of Multi-Stranded Perylene Dye J-Aggregates in Columnar 
Liquid-Crystalline Phases. Nat. Commun. 2018, 9 (1), 2646. 
(7)  Wöhrle, T.; Wurzbach, I.; Kirres, J.; Kostidou, A.; Kapernaum, N.; Litterscheidt, 
J.; Haenle, J. C.; Staffeld, P.; Baro, A.; Giesselmann, F.; et al. Discotic Liquid 
Crystals. Chem. Rev. 2016, 116 (3), 1139–1241. 
(8)  Camerel, F.; Bonardi, L.; Ulrich, G.; Charbonnière, L.; Donnio, B.; Bourgogne, 
C.; Guillon, D.; Retailleau, P.; Ziessel, R. Self-Assembly of Fluorescent 
Amphipathic Borondipyrromethene Scaffoldings in Mesophases and 
Organogels. Chem. Mater. 2006, 18 (21), 5009–5021. 
(9)  Qu, S.; Tian, H. Diketopyrrolopyrrole (DPP)-Based Materials for Organic 
Photovoltaics. Chem. Commun. 2012, 48 (25), 3039–3051. 
(10)  Wang, E.; Mammo, W.; Andersson, M. R. 25th Anniversary Article: Isoindigo-
Based Polymers and Small Molecules for Bulk Heterojunction Solar Cells and 
Field Effect Transistors. Adv. Mater. 2014, 26 (12), 1801–1826. 
(11)  Wang, J.-L.; Chang, Z.-F.; Song, X.-X.; Liu, K.-K.; Jing, L.-M. Rational Design of 
Diketopyrrolopyrrole-Based Oligomers with Deep HOMO Level and Tunable 
Liquid Crystal Behavior by Modulating the Sequence and Strength of the 
Donor Moiety. J. Mater. Chem. C 2015, 3 (38), 9849–9858. 
(12)  Shin, W.; Yasuda, T.; Watanabe, G.; Yang, Y. S.; Adachi, C. Self-Organizing 
Mesomorphic Diketopyrrolopyrrole Derivatives for Efficient Solution-
Processed Organic Solar Cells. Chem. Mater. 2013, 25 (12), 2549–2556. 
(13)  Wong, W. W. H.; Subbiah, J.; Puniredd, S. R.; Purushothaman, B.; Pisula, W.; 
Kirby, N.; Müllen, K.; Jones, D. J.; Holmes, A. B. Liquid Crystalline Hexa-Peri-
Hexabenzocoronene-Diketopyrrolopyrrole Organic Dyes for Photovoltaic 
Applications. J. Mater. Chem. 2012, 22 (39), 21131–21137. 
(14)  Soberats, B.; Hecht, M.; Würthner, F. Diketopyrrolopyrrole Columnar Liquid-
Crystalline Assembly Directed by Quadruple Hydrogen Bonds. Angew. Chem. 
Int. Ed. 2017, 56 (36), 10771–10774. 
(15)  Grzybowski, M.; Gryko, D. T. Diketopyrrolopyrroles: Synthesis, Reactivity, 
and Optical Properties. Adv. Opt. Mater. 2015, 3 (3), 280–320. 
(16)  Stalder, R.; Mei, J.; Graham, K. R.; Estrada, L. A.; Reynolds, J. R. Isoindigo, a 
Versatile Electron-Deficient Unit For High-Performance Organic Electronics. 
Chem. Mater. 2014, 26 (1), 664–678. 
(17)  Qian, D.; Liu, B.; Wang, S.; Himmelberger, S.; Linares, M.; Vagin, M.; Müller, C.; 
Ma, Z.; Fabiano, S.; Berggren, M.; et al. Modulating Molecular Aggregation by 
Facile Heteroatom Substitution of Diketopyrrolopyrrole Based Small 




References begin on page 49 
(18)  Wawrzinek, R.; Zhou, X.; Ullah, M.; Namdas, E. B.; Lo, S.-C. Aggregates of 
Diketopyrrolopyrrole Dimers in Solution. Dyes Pigments 2017, 136, 678–
685. 
(19)  Pisula, W.; Zorn, M.; Chang, J. Y.; Müllen, K.; Zentel, R. Liquid Crystalline 
Ordering and Charge Transport in Semiconducting Materials. Macromol. 
Rapid Commun. 2009, 30 (14), 1179–1202. 
(20)  O’Neill, M.; Kelly, S. M. Liquid Crystals for Charge Transport, Luminescence, 
and Photonics. Adv. Mater. 2003, 15 (14), 1135–1146. 
(21)  Chen, S.; Raad, F. S.; Ahmida, M.; Kaafarani, B. R.; Eichhorn, S. H. Columnar 
Mesomorphism of Fluorescent Board-Shaped 
Quinoxalinophenanthrophenazine Derivatives with Donor–Acceptor 
Structure. Org. Lett. 2013, 15 (3), 558–561. 
(22)  El-Ballouli, A. O.; Kayal, H.; Shuai, C.; Zeidan, T. A.; Raad, F. S.; Leng, S.; Wex, B.; 
Cheng, S. Z. D.; Eichhorn, S. H.; Kaafarani, B. R. Lateral Extension Induces 
Columnar Mesomorphism in Crucifix Shaped 
Quinoxalinophenanthrophenazines. Tetrahedron 2015, 71 (2), 308–314. 
(23)  Donnio, B.; Heinrich, B.; Allouchi, H.; Kain, J.; Diele, S.; Guillon, D.; Bruce, D. W. 
A Generalized Model for the Molecular Arrangement in the Columnar 
Mesophases of Polycatenar Mesogens. Crystal and Molecular Structure of 
Two Hexacatenar Mesogens. J. Am. Chem. Soc. 2004, 126 (46), 15258–15268. 
(24)  Tang, A.; Zhan, C.; Yao, J.; Zhou, E. Design of Diketopyrrolopyrrole (DPP)-
Based Small Molecules for Organic-Solar-Cell Applications. Adv. Mater. 2017, 
29 (2), 1600013. 
(25)  Yang, M.; Chen, X.; Zou, Y.; Pan, C.; Liu, B.; Zhong, H. A Solution-Processable D–
A–D Small Molecule Based on Isoindigo for Organic Solar Cells. J. Mater. Sci. 
2013, 48 (3), 1014–1020. 
(26)  Mei, J.; Graham, K. R.; Stalder, R.; Reynolds, J. R. Synthesis of Isoindigo-Based 
Oligothiophenes for Molecular Bulk Heterojunction Solar Cells. Org. Lett. 
2010, 12 (4), 660–663. 
(27)  Mizuguchi, J.; Homma, S. Intermolecular Charge Transfer in 1,4‐dithioketo‐
3,6‐diphenyl‐pyrrolo‐ [3,4‐c]‐pyrrole. J. Appl. Phys. 1989, 66 (7), 3104–3110. 
(28)  Liu, J.; Walker, B.; Tamayo, A.; Zhang, Y.; Nguyen, T.-Q. Effects of Heteroatom 
Substitutions on the Crystal Structure, Film Formation, and Optoelectronic 
Properties of Diketopyrrolopyrrole-Based Materials. Adv. Funct. Mater. 2013, 
23 (1), 47–56. 
(29)  Tamayo, A. B.; Walker, B.; Nguyen, T.-Q. A Low Band Gap, Solution 
Processable Oligothiophene with a Diketopyrrolopyrrole Core for Use in 
Organic Solar Cells. J. Phys. Chem. C 2008, 112 (30), 11545–11551. 
(30)  Matthews, J. R.; Niu, W.; Tandia, A.; Wallace, A. L.; Hu, J.; Lee, W.-Y.; Giri, G.; 
Mannsfeld, S. C. B.; Xie, Y.; Cai, S.; et al. Scalable Synthesis of Fused 
Chapter 2 
52 
References begin on page 49 
Thiophene-Diketopyrrolopyrrole Semiconducting Polymers Processed from 
Nonchlorinated Solvents into High Performance Thin Film Transistors. Chem. 
Mater. 2013, 25 (5), 782–789. 
(31)  Dharmapurikar, S. S.; Arulkashmir, A.; Das, C.; Muddellu, P.; Krishnamoorthy, 
K. Enhanced Hole Carrier Transport Due to Increased Intermolecular 
Contacts in Small Molecule Based Field Effect Transistors. ACS Appl. Mater. 
Interfaces 2013, 5 (15), 7086–7093. 
(32)  Yasuda, T.; Shimizu, T.; Liu, F.; Ungar, G.; Kato, T. Electro-Functional 
Octupolar π-Conjugated Columnar Liquid Crystals. J. Am. Chem. Soc. 2011, 









References begin on page 49 
Supporting Information to Chapter 2 
 
Scheme SI-2.1: Synthesis of Stille and Suzuki reagents. 
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Figure SI-2.1: DSC of DPP-LC at 5 °C/min under N2. Shown are the 2nd heating and 
1st cooling runs. No difference was observed for subsequent heating and cooling runs. 
Table SI-2.1: Variable temperature pXRD data of DPP-LC. 
T [°C] dobs [Å] hk dcalcd [Å] Mesophase and Parameters 
-33 32.2 2  0 32.2 Crystalline (Cr1) 
on 
cooling 
26.8 1  1  26.8 Possibly of Colo structure 
 22.9 1 -1 22.9  
 19.1 3  1 18.9 a = 66.03 Å 
 16.3 4  0 16.4 b = 27.32 Å 
 13.1 5  0 13.1 γ = 77.25 ° 
 11.1 2 -2 10.9 Area = 1759 Å2 
 10.6 1 -5 10.7  
 9.0 3  3 8.9  
 8.6 4  3 8.6  
 7.3 3 -4 7.3  
 6.4 4 -1 6.4  
 6.1 4 -3 6.0  
 5.6    
 5.4    
 5.1    
 4.6    
 4.4    
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 4.1    
 3.7    
 3.6    
 3.5    
 3.3    
     
34 34.8 2  0 34.8 Crystalline (Cr2) 
on 
cooling 
27.0 1  1 27.0 Possibly of Colo structure 
 23.4 1 -1 23.4  
 19.2 1 -2 19.3 a = 71.22 Å 
 16.7 4  1 16.3 b = 27.42 Å 
 13.1 1 -4 13.4 γ = 77.73 ° 
 11.2 1 -5 11.4 Area = 1908 Å2 
 10.8 5  2 10.9  
 9.3 2  3 9.1  
 8.7 4  3 8.7  
 8.1 3 -2 8.2  
 7.4 3 -4 7.3  
 7.0 3 -5 6.9  
 6.5 4 -1 6.5  
 6.1 4 -3 6.1  
 4.7    
 4.6    
 4.4    
 4.2    
 4.1    
 3.9    
 3.7    
 3.6    
 3.5    
     
180 32.5 2  0 32.5 Liquid Crystal (Colo) 
on 
cooling 
27.0 1  1 27.0 a = 65.54 Å 
 24.6 1 -1 24.6 b = 28.23 Å 
 15.7 1 -3 16.2 γ = 82.66 ° 
 13.1 5  0 13.0 AreaXRD = 1835 Å2 
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 11.4 4  2 11.4 aAreatheor. = 925 Å2/molecule 
 10.8 3 -2 11.1 bVolumeXRD of 4.4 Å tall  
columnar slice (unit cell) = 8074 
Å3 
 9.5 1  3 9.4 
 8.9 2 -5 9.0  
 8.6 4  3 8.6 cVtheor., M1 = 3916 Å3/molecule at 
25 °C 
 7.8 4 -3 7.7 cVtheor., M1 = 4223 Å3/molecule at 
180 °C 






 cVtheor., M2 = 4680 Å3/molecule at 
180 °C 




 dZ = 2 
[a]The estimated area per DPP-LC molecule (Areatheor.) is based on a space filling 
model with extended (crystalline) alkyl side-chains.  The measured length and 
width of this model structure was reduced by 15% to account for the molten state of 
the side-chains and partially interdigitating chains (see Fig. S18 for details). [b]The 
estimated volume of a columnar slice (unit cell) calculated by multiplying the 
AreaXRD with the average distance between aliphatic side-chains measured as the 
maximum of the halo of molten alkyl chains at 4.4 Å (this is a more accurate 
measure of the stacking distance in tilted columnar mesopahses than the - 
stacking distance).  [c]The volume of DPP-LC was estimated by two different 
methods. Method 1 uses a rigid core volume derived from single crystal structures 
or DFT calculations and calculates the volume of the alkyl chains and its dependence 
on temperature based on the following empirically derived equations for the 
volumes of methylene and terminal methyl groups: VCH2 in Å3 = 26.5616 + 0.02023 T 
(T in ºC) and VCH3 in Å3 = VCH2 + 27.14 + 0.01713 T + 0.0004181 T2. Here, the volume 
of the DPP-LC core structure (all alkyl groups were substituted by methyl groups) 
was calculated to 1264 Å3 (DFT, B3LYP/6-31G(d)). Method 2 applies the empirically 
derived equation Vtheor., M2 = (M/0.6022)(VCH2(T)/VCH2(25 ºC)) that uses the same 
equation for VCH2 as method 1 (M = formula mass).  
[d]Z = the number of molecules per unit cell (discotic slice). 
 (1) B. Donnio, B. Heinrich, H. Allouchi, J. Kain, S. Diele, D. Guillon, D. W. Bruce, J. 
Am. Chem. Soc. 2004, 126, 15258–15268. 
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Figure SI-2.2: Diffraction pattern of DPP-LC at -33 °C on cooling (Cr1). 
 
Figure SI-2.3: Diffraction pattern of DPP-LC at 34 °C on cooling (Cr2). 
Chapter 2 
58 
References begin on page 49 
 
Figure SI-2.4: Diffraction pattern of DPP-LC at 180 °C (Colo). 
 
Figure SI-2.5: Deconvoluted wide angle region of DPP-LC on cooling. 
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Figure SI-2.6: DSC of II-LC at 5 °C/min. Shown are the 2nd heating and 1st cooling 
runs. No difference was observed for subsequent heating and cooling runs. 
Table SI-2.2: Variable temperature pXRD data of II-LC. 
T [°C] dobs [Å] hk dcalcd [Å] Mesophase and Parameters 
27 34.1   Crystalline (Cr1) 
on 
cooling 
27.5   Likely of Col structure 
 22.9    
 19.4    
 16.3    
 13.2    
 11.6    
 10.5    
 8.8    
 8.0    
 7.3    
 6.4    
 6.2    
 5.5    
 5.2    
 4.9    
 4.7    
 4.4    
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 4.3    
 4.1    
 3.9    
 3.7    
 3.6    
 3.5    
     
45 31.1   Crystalline (Cr2) 
on 
cooling 
28.5   Likely of Col structure 
 22.6    
 15.5    
 13.1    
 11.8    
 10.8    
 8.7    
 8.2    
 7.0    
 6.6    
 6.2    
 5.8    
 5.2    
 4.9    
 4.7    
 4.6    
 4.4    
 4.3    
 4.2    
 4.0    
 3.8    
 3.6    
 3.5    
 3.4    
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 12.6 13 12.6 b = 37.99 Å 
 10.1 51 10.0 AreaXRD = 1998 Å2 
 9.0 24 9.1 aAreatheor. = 888 Å2/molecule 
 8.3 34 8.5  





 bVolumeXRD of 4.6 Å tall  
columnar slice = 9191 Å3 
 3.8 (v. 
broad) 
- stacking   
    cVtheor., M1 = 3857 Å3/molecule at 25 
°C 
    cVtheor., M1 = 4152 Å3/molecule at 
183 °C 
    cVtheor., M2 = 4515 Å3/molecule at 
183 °C 
    dZ = 2 
 
[a]The estimated area per II-LC molecule (Areatheor.) is based on a space filling model 
with extended (crystalline) alkyl side-chains.  The measured length and width of this 
model structure was reduced by 15% to account for the molten state of the side-
chains and partially interdigitating chains (see Fig. S18 for details). [b]The estimated 
volume of a columnar slice (unit cell) calculated by multiplying the AreaXRD with the 
average distance between aliphatic side-chains measured as the maximum of the 
halo of molten alkyl chains at 4.6 Å (this is a more accurate measure of the stacking 
distance in tilted columnar mesopahses than the - stacking distance).  [c]The 
volume of II-LC was estimated by two different methods. Method 1 uses a rigid core 
volume derived from single crystal structures or DFT calculations and calculates the 
volume of the alkyl chains and its dependence on temperature based on the 
following empirically derived equations for the volumes of methylene and terminal 
methyl groups: VCH2 in Å3 = 26.5616 + 0.02023 T (T in ºC) and VCH3 in Å3 = VCH2 + 
27.14 + 0.01713 T + 0.0004181 T2. Here, the volume of the II-LC core structure (all 
alkyl groups were substituted by methyl groups) was calculated to 1313 Å3 (DFT, 
B3LYP/6-31G(d)). Method 2 applies the empirically derived equation Vtheor., M2 = 
(M/0.6022)(VCH2(T)/VCH2(25 ºC)) that uses the same equation for VCH2 as method 1 
(M = formula mass). 
[d] Z = the number of molecules per unit cell (discotic slice). 
(1) B. Donnio, B. Heinrich, H. Allouchi, J. Kain, S. Diele, D. Guillon, D. W. Bruce, J. Am. Chem. Soc. 
2004, 126, 15258–15268. 
(2)  Camerel, et al. Chem. Mater. 2006, 18 (21), 5009. 
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Figure SI-2.8: Diffraction pattern of II-LC at 45 °C on cooling. (crystalline Col phase 
Cr2) 
 
Figure SI-2.9: Diffraction pattern of II-LC at 183 °C. (Colr) 
 
Figure SI-2.10: Deconvoluted wide angle region of II-LC at 183 °C. 
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Figure SI-2.11: Voltammogram of blank sample (CH2Cl2, NBu4PF6) at 100 mV/s. The 
peak in the left CV graph is attributed to small amounts of water. 
 
Figure SI-2.12: Voltammogram of DPP-LC (CH2Cl2, NBu4PF6) at 100 mV/s. The peak at 
-0.9 eV is attributed to water. 
 
Figure SI-2.13: Voltammogram of II-LC (CH2Cl2, NBu4PF6) at 100 mV/s. The peak at -
0.9 eV is attributed to water. 
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Figure SI-2.14: UV-Vis of DDP-LC and II-LC as thin film on quartz at room 
temperature. 
DFT Calculations 
All calculations were performed with Gaussian 09 suite of programs using Compute 
Canada’s Shared Hierarchical Academic Research Computing Network (SharcNet). 
The geometry of all molecules were optimized at the B3LYP/6-31G(d) level of 
theory unless stated otherwise. A frequency calculation was also performed at the 


















II-LC HOMO-1 II-LC LUMO+1 
Figure SI-2.15:. HOMO-1, HOMO, LUMO and LUMO+1 Orbitals of DPP-LC and II-LC. 
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Figure SI-2.16: Packing structures of Colo and Colr mesophases of DPP-LC and II-LC, 
respectively. 
The lengths and widths of DPP-LC and II-LC with extended crystalline side-chains is 
43 Å x 30 Å and 43 Å x 28 Å, respectively, and were decreased by 15% for the 
calculation to account for the molten state of the side-chains and partially 
interdigitating side-chains. 15% is a typical difference observed between calculated 
diameters of discotic liquid crystals with extended (crystalline) alkyl side-chains 
and the experimental packing distance of their hexagonally packed columnar stacks. 
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CHAPTER 3: 
Synthesis and characterization of 2,4,6-tristhiophenyl-
1,3,5-triazines with alkyl, chloro, and carbonitrile groups 
3.1 Introduction 
Star-shaped oligomers formed by the conjugated connection of aryl/heteroaryl 
arms to a central aromatic core have received considerable attention over the last 
two decades for their application in optoelectronic devices.1,2 These star-shaped 
compounds are intermediate to small molecule and polymer based materials and 
can offer the advantageous properties that are unique to both. Specifically, they can 
combine the high purity and batch-to-batch reproducibility of small molecules with 
the excellent film-forming properties, small HOMO-LUMO gaps and mechanical 
flexibility found in polymers.2–6 In this context, 1,3,5-triazines are attractive core 
structures in star-shaped compounds because of its electron deficient nature, ability 
to form coplanar structures, and ease of functionality from relatively inexpensive 
starting materials.7–9 Attachment of electron rich donor arms to the electron 
accepting triazine core generates donor-acceptor compounds that have been 
utilized in organic light emitting diodes,10,11 photovoltaic devices,12–14 and non-
linear optic materials.7,15,16 In addition, these and related triazine derivatives have 
been tailored to generate functional materials with specific supramolecular 
structures including molecular glasses,17,18 liquid crystals19–21 and other 2-D/3-D 
supramolecular assemblies.22,23 
 Star-shaped donor-acceptor triazines containing thiophene units as the π-
bridge or solely as the arms have served as a promising molecular scaffold for 
functional materials with excellent optical and electronic properties.15,19,24,25 Most 
reported examples use 2,4,6-tris(thiophen-2-yl)-1,3,5-triazine as the core of the 
molecule, where additional aryl/heteroaryl groups are attached to the 5-position of 
each thiophene to influence its properties. Zou and coworkers attached various 
electron donating units to the thiophene arms (e.g. triphenylamine, carbazole, 
fluorine) to generate molecules that exhibits large two photon absorption cross 
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sections.15 Yasuda and coworkers demonstrated that these structures can form 
columnar mesophases when the terminal thiophenes are functionalized with 
trisalkoxyphenyl, or 3,6-didodecylcarbazole units. These molecules are also capable 
of ambipolar charge transport with charge carrier mobilities up to 1 x 10-3 cm2 V-1 s-
1.19 Leriche and coworkers explored the optical properties and redox behaviour of 
star-shaped triazines substituted with either one or two thiophene units. The 
authors incorporated 3,4-ethylenedioxythiophene (EDOT) into the triazine arms 
which led to red-shifted absorptions and lower oxidation potentials. In addition, 
triazines containing terminal EDOT units could be electropolymerized to generate 
electroactive materials.24 Still, little work has been done on star-shaped triazines 
bearing thiophene arms functionalized with flexible, polarizable, and/or polar 
groups. The incorporation of these units to the end of each thiophene may be of 
interest for tuning the thermal behaviour and optoelectronic properties of these 
types of structures and even larger star-shaped oligomers. 
Methods of obtaining symmetric tristhiophene-triazine derivatives include 
acid trimerizations of aryl carbonitriles,19,26 nucleophilic substitution using 
metallated thiophenes,24,27 and Suzuki cross coupling;28,29 however, there are some 
limitations to each. Acid trimerizations of carbonitriles typically give good yields but 
the harshly acidic conditions limit the use of aryl units containing acid sensitive 
groups (e.g. ether or ester groups). Alternatively, the nucleophilic substitution of the 
triazine core with metallated aryl groups give low yields and the reaction may not 
go to completion leading to disubstituted side products. Suzuki coupling reactions 
are quite popular for the conjugated connection of two aryl/heteroaryl groups, 
however, yields are highly dependent on the substrate, reaction conditions and 
reagents used.  
Herein, we report the synthesis and characterization of peripherally 
substituted 2,4,6-tristhiophenyl-1,3,5-triazines with alkyl, chloro, and carbonitrile 
substituents. All compounds were prepared by microwave-assisted Stille couplings 
that we have previously shown to efficiently generate symmetric tristhiophenyl 
triazines in terms of ease of developing the stannylated thiophe derivatives, reaction 
time, yields, and generally does not require much optimization (e.g. temperature, 
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reagents, stoichiometr, reaction times, etc.).30 Also reported is the comparison of the 
symmetric triazines thermal, optical and electronic properties. 
3.2 Results and Discussion 
3.2.1 Synthesis 
 
Scheme 3.1: Synthesis of thiophenestannaness 2, 5, 9 and 11. 
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A convergent synthetic approach was utilized to synthesize 2,4,6-tristhiophenyl-
1,3,5-triazines derivatives (TT) in three or four steps with a Stille cross coupling 
reaction between stannylated thiophene derivatives and cyanuric chloride as the 
final step (Scheme 3.2).  Scheme 3.1 describes the syntheses of all stannylated 
thiophene precursors. Thiophene stannanes possessing a single alkyl chain and 
dialkyl chains are known, while those containing chloro or carbonitrile units are 
new. Lithiation of thiophene with n-butyllithium, followed by the addition of an n-
bromoalkane gave 2-alkylthiophenes 1 in moderate yields.31 A second lithiation at 
the 5-position, followed by the addition of tributyltin chloride gave the first set of 
Stille reagents 2-C4, 2-C6 and 2-C8.32–34 Two different approaches were tested for 
the preparations of tributyl(4,5-dialkylthiophen-2-yl)stannanes (5) that both 
require regioselectivity. The more efficient pathway begins with the selective 
lithiation of 3-bromothiophene at the 2-position using lithium diisopropylamide 
which is then quenched with an n-bromoalkane to afford 3-bromo-2-alkylthiophene 
(3) in good yields (74-94 %).35 This was then converted to 2,3-dialkylthiophene (4) 
via a Kumada cross coupling reaction using the respective alkylmagnesium bromide 
and 1,3-bis(diphenylphosphino)propane nickel (II) chloride as the catalyst (Scheme 
3.1, path A).36 An alternative approach was tested for 4-C4 beginning with the 
conversion of 3-bromothiophene to 3-butylthiophene using the aforementioned 
Kumada coupling, followed by a bromination which is selective at the 2-position to 
give 2-bromo-3-butylthiophene.37 This can then be converted to 2,3-
dibutylthiophene via a lithium-halogen exchange followed by the addition of the 
respective n-bromoalkane (Scheme 3.1, path B). Although the last step generates 
compound 4-C4 in 90% yield, this route requires an additional step which lowers 
the overall yield to 41% compared to 65% for the aforementioned pathway. 
Similarly, 3-chlorothiophene was selectively alkylated at the 2-position with lithium 
diisopropylamide and an n-bromoalkane to give 3-chloro-2-alkylthiophene 8. Stille 
reagents of 2,3-dialkylthiophene (5) and 3-chloro-alkylthiophene (9) were then 
prepared using the same procedure as for thiophenes 2. 2-alkyl-3-
thiophenecarbonitriles (10) were synthesized in moderate yields using a Negishi 
coupling reaction between 3-bromo-2-alkylthiophene, zinc cyanide and catalytic 
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tetrakistriphenylphosphine palladium (0) in a microwave reactor at 140 °C for 1 
hour. These yields are ~20 % less than the reported yield for 3-
thiophenecarbonitrile using  similar conditions reported by Alterman et al.38 Due to 
the instability of the carbonitrile of 10 to n-butyllithium and lithium 
diisopropylamide, a Knochel-Hauser base (2,2,6,6-
tetramethylpiperidinylmagnesium chloride lithium chloride complex solution) with 
better functional group tolerance was used followed the addition of tributyltin 
chloride to give 11.39 
Scheme 3.2: Three-fold Stille cross coupling reaction between stannylated thiophene 
derivatives and cyanuric chloride using [a] microwave conditions or [b] conventional 
methods to give compounds TT. 
These four Stille reagents (2, 6, 9, and 12) were then subjected to a three-
fold Stille cross coupling reaction with cyanuric chloride. Compared were 
conventional reaction conditions in a round bottom flask at reflux (TT-C4C4 and 
TT-C8C8) and microwave-assisted conditions for all other compounds. C3-
symmetric triazines TT-C, TT-CCl, and TT-CCN were synthesized using a microwave 
reactor  (140 °C for 1 hour) with toluene as solvent and Pd[PPh3]4 as catalyst. TT-
C4C4 and TT-C8C8 were prepared in 61 and 71% yields respectively, using the 
more conventional Stille coupling procedure where it was refluxed overnight using 
the same reactants (Scheme 3.2). In comparison, symmetric thiophene-triazines 
reported by Leriche et al. using similar conditions gave yields of 30 – 90 %.24 All 
reported yields are isolated yields after purification of reactions that were not 
individually optimized. The very low yield for TT-C4Cl was caused by a mistake 
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during workup and all other yields below 70% are attributed to losses during 
workup. When considering only the highest reaction yields for each step, overall 
yields of 43%, 44%, 49% and 32 % could be obtained for TT-C, TT-CC, TT-CCl and 
TT-CCN, respectively. Microwave conditions improved the yields by up to 15% and, 
more importantly, reduced the reaction time from 24 hours to only 1 hour, when 
compared to conventional conditions. 
3.2.2 Thermal Properties 
 
Figure 3.1: Phase transitions temperatures in °C (enthalpies in kJ/mol) of TT based on 
DSC at  10 °C·min-1. (solid line) 1st heating, (dotted line) 1st cooling, (dashed line) 2nd 
heating. Cr(m) refers to partial melting of crystalline phase and Cr(c) refers to a cold 
crystallization. [a] A glass transition on cooling is observed by POM but not traceable 
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The thermal behavior of these symmetric triazine derivatives were investigated 
using differential scanning calorimetry (DSC), polarized optical microscopy (POM) 
and powder X-Ray diffraction (pXRD) for one sample of each set of compounds. 
Phase assignments, transition temperatures and enthalpies are summarized in 
Figure 3.1. Despite the disk-like structure and the presence of peripheral side-chains 
no liquid crystalline behavior was observed for all compounds, although a plastic 
crystalline phase was observed for TT-C8. This is in contrast to our work on 1,3,5-
triazine(trithiophenylcarboxylate) esters which form metastable discotic nematic 
phases.30 Most liquid crystalline compounds containing a methylene bridge between 
the aromatic unit and side-chain have a much large core size (e.g. at least 155 % 
larger in molecular weight) in comparison to these TT derivatives.3,40–44 
Furthermore, comparison of columnar liquid crystalline pthalocyanine derivatives 
containing alkyl, alkoxy and thioether chains reveal that alkyl substituted 
pthalocyanines have a smaller temperature range for their liquid crystalline phase 
(higher melting temperatures and low clearing temperatures) in comparison to 
oxygen and sulfur bridged derivatives.44–46 
Side-chains expectedly lower melting points but the conformationally flexible 
core add more factors that need to be considered. In the case of compounds TT-C, all 
derivatives exhibited melting temperatures below 45 °C. Comparatively, the 
unsubstituted thiophene triazine (2,4,6-tri(thiophen-2-yl)-1,3,5-triazine) melts at 
193 °C. One of the factors that may contribute to the low crystalline stability in these 
compounds compared to the unsubstituted derivatives is the conformational 
diversity. DFT studies at the B3LYP/6-31G(d) level of theory show that all coplanar 
geometries between the side-chains, thiophene arm and triazine core are equal in 
energy. Therefore, the two-fold positional disorder of each side-chain and thiophene 
arm of compound 3 gives rise to many conformers with different molecular shape 
and symmetry which complicates the crystallization process (Figure 3.2). In 
contrast, the conformational flexibility of the triazine in the unsubstituted derivative 
does not alter its molecular shape, but does affect its symmetry (e.g. position of 
sulfur atoms). In addition to the large number of conformers, the side-chains 
introduce a void space between arms that require molecules to interdigitate when 
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packed in a condensed phase. Longer chains are likely more effective at filling the 
void space between neighboring molecules to generate a more dense packing 
structure. This is supported by the fact that melting temperatures and transition 
enthalpies increase as the length of the chain increases in the order of TT-C8 > TT-
C6 > TT-C4. This is not typical for these types of structures as melting temperatures 
generally decreases with increasing chain length, as is observed in compounds TT-
CC, TT-CCl and TT-CCN. This trend is followed until the melting temperature of the 
chain is higher than that of the overall structure. Furthermore, TT-C8 crystallizes on 
cooling from the isotropic melt at -5 °C and further crystallizes on 2nd heating (cold 
crystallizes) before it melts again. TT-C6 does not crystallize on cooling but exhibits 
a cold crystallization exotherm on 2nd heating, while TT-C4 does not crystallize after 
melting on any successive heating or cooling cycle, but at temperatures below 0 °C 
an amorphous glass is formed. The crystallization kinetics of TT-C8 compared to 
TT-C4 and TT-C6 is further evidence that longer chains offer better packing in the 
crystalline phase. 
 
Figure 3.2: Structures of triazines and their different conformers: (a) unsubstituted 
symmetric triazine (b) TT-C4C4, and (c) TT-C4. 
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The addition of a second butyl-chain to each arm of TT-C4 to generate TT-
C4C4 results in a 89 °C increase in melting temperature in comparison to TT-C8 
which possesses the same number of carbons in the side-chain. DFT (B3LYP/6-
31G(d)) studies suggest the side-chains in the geometry optimized structure of TT-
CC are pointed in opposite directions away from the planar core due to steric 
repulsion, weakening the π-stacking interactions between molecules. This is also 
observed in the arms of TT-CCl and TT-CCN where the presence of chloro and 
carbonitrile groups at the 4-position force the side-chains out of plane (Figure 3.3). 
Despite its non-coplanar conformation, the side-chains in TT-CC generate a more 
disk-like structure that can pack more effectively in the lateral direction.  In 
addition, it is more symmetrical compared to TT-C, as the two-fold positional 
disorder in each arms does not significantly alter the overall shape of the molecule 
(Figure 3.2). Both of these factors are likely responsible for the higher thermal 
stability of the crystalline phase observed in TT-CC. Expectedly, the longer side-
chains in TT-C8C8 reduce both melting and crystallization temperatures by 
approximately 80 °C in comparison to TT-C4C4.  
 
Figure 3.3: Side-view of geometry optimized structures of TT derivatives containing 
ethyl-chains. 
Higher melting temperatures are observed in TT-CCl containing polarizable 
chlorine atoms when compared to TT-C. TT-C4Cl melts at 155 °C which is 130 °C 
more than that of TT-C4, and crystallizes at 128 °C on cooling, which TT-C4 does 
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not. The bulkier chlorine atom of TT-C4Cl compared to the hydrogen of TT-C4 
restricts the rotation of the side-chains (17 kJ/mol rotational barrier) leading to less 
conformational disorder, and introduces stronger dispersion forces that help with 
lateral and vertical packing in the crystalline phase. Lengthening the chain weakens 
these attractive forces as the intermolecular distance increases leading to the large 
decrease in melting temperatures observed in TT-C6Cl and TT-C8Cl which melt at 
77 °C and 66 °C, respectively. 
While none of the compounds are liquid crystalline, DSC reveals TT-C8CN 
exhibits two reversible melting and crystallization peaks. This corresponds to a 
crystal to plastic crystal transition at 108 °C followed by isotropization at 129 °C.  
Stronger π-stacking interactions arising from its more electron deficient core and 
increased dipole-dipole interactions via the polar nitrile group are potential factors 
influencing the mesomorphism of this compound. Variable temperature powder X-
ray diffraction (pXRD) was used to determine the phase and the packing structure of 
TT-C8CN. On cooling from the isotropic melt to 110 °C, a diffractogram consisting of 
a single sharp peak in the small angle region is observed which is typically 
associated with the lateral packing distance between molecules. This peak has a 
corresponding d-spacing of 25.4 Å which is within range of the molecules diameter. 
The wide angle region (10 < 2θ < 30) consists of several broad and weak reflections 
that is consistent with a soft or plastic crystalline phase. On further cooling into the 
crystalline phase, the small angle peak remains the same, while the wide angle 
region consists of more peaks that are of higher intensity indicative of a more rigid 
(ordered) structure.  POM studies confirm it is not a liquid crystalline phase as it 
does not flow when pressed between slides. Mesomorphism is lost when going to 
shorter side-chains, as TT-C4CN reversibly melts and crystallizes at 183 °C and 155 
°C, respectively. Diffraction patterns of TT-C8, TT-C4C4, and TT-C8Cl show 
crystalline-like order with no mesophase character. 
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Figure 3.4: Diffractograms of TT-C8, TT-C4C4, and TT-C8Cl as precipitated at 25 °C 
and TT-C8CN at 114 °C on cooling from isotropic melt. 
3.2.3 UV-Vis and Aggregation Induced Emission 
The UV-Vis absorption spectra of triazines TT-C4, TT-C4C4, TT-C4Cl and TT-C4CN 
are shown in Figure 3.5. The spectra consisted of two absorption bands, one in the 
range of 273 – 280 nm and another stronger absorption peak between 326 nm – 
347 nm. The first absorption band has been observed in other star-shaped triazine 
systems and has been assigned as an n-π* transition.47 The lower energy absorption 
band can be attributed to a HOMO-LUMO  transition between the electron rich 
thiophene arms and the electron deficient triazine core. This gives optical energy 
gaps in the order of TT-C4C4 > TT-C4Cl > TT-C4 > TT-C4CN with values of 3.32, 
3.36, 3.45, and 3.54 eV, respectively. TT-C4CN has the least donor-acceptor 
character due to the presence of the nitrile group which reduces the donor 
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character of the thiophene arm leading to the largest energy gap. On the other hand, 
TT-C4C4 is the most donor-acceptor like structure due to the inductive effects of 
two alkyl-chains attached to the thiophene.  
All TT compounds did not show any fluorescence in solution at low 
concentrations, however, thin-films of the triazine compounds on a quartz substrate 
revealed aggregation induced emission between 398 nm and 416 nm (Figure 3.5).  
This has been observed in other star-shaped triazine compounds where the 
restricted rotation of the triazine arms in the solid state allow for radiative emission 
to occur.7,9,48 
 
Figure 3.5: (Top) UV-Vis spectra of TT-C4, TT-C4C4, TT-C4Cl, and TT-C4CN in CH2Cl2. 
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3.2.4 Cyclic Voltammetry and DFT Studies 
Cyclic voltammetry and DFT studies were used to further probe the electronic 
properties and structures of these functionalized thiophene triazines. DFT studies 
were performed using ethyl chains for computational efficiency. The results are 
summarized in Table 3.1. All observed oxidations and reductions for these 
structures were found to be irreversible. TT-C4C4 was found to have the lowest 
oxidation potential at 1.7 V (vs Ag/AgCl) corresponding to a HOMO energy of -5.98 
eV. This is in good agreement with the DFT calculated HOMO energy level and is 
close to the value found for TT-C4 (-6.06 eV). The reduction potential of TT-C4 and 
TT-C4C4 occurred at -1.74 V and -1.78 V respectively. This gave LUMO energies that 
are approximately 1.1 eV lower than the computationally derived values. The 
reduction and oxidation potentials of TT-C6Cl occurred at -1.55 and 1.92 V (vs 
Ag/AgCl) giving both a lower HOMO (-6.28 eV) and LUMO (-2.81 eV) energy 
compared to the TT-C4 and TT-C4C4 but a similar energy gap. Expectedly, TT-
C4CN had the lowest reduction potential (-1.35 V) and corresponding LUMO energy 
(-3.01 eV) due to the presence of the nitrile group. No oxidation peak was observed 
within the potential window of the solvent used (up to 2.2 V) indicating it has a 
lower HOMO energy (-6.93 eV calculated by DFT) compared to the other structures.  
The HOMO and LUMO of all triazines are predominantly delocalized over two of the 
thiophene arms and the triazine core. However, there is more contribution from the 
triazine core in the LUMO and more contribution from the thiophene arms in the 
HOMO, indicating an overall weak donor-acceptor like character of these molecules.   
Table 3.1: Red/Ox potentials, HOMO/LUMO energies and experimental and calculated 
HOMO-LUMO gaps. 
Compound a Eox / Ered (V) b EHOMO / ELUMO / Egap (eV) c EHOMO / ELUMO / Egap d Optical Egap 
TT-C4 1.70 / -1.74 -6.06 / -2.62 / 3.44 -6.00 / -1.71 / 4.29 3.45 
TT-C4C4 1.62 / -1.78 -5.98 / -2.58 / 3.50 -5.86 / -1.64 / 4.22 3.32 
TT-C6Cl 1.92 / -1.55 -6.28 / -2.81 / 3.47 -6.36 / -2.19 / 4.17 3.36 
TT-C4CN N.A / -1.35 < -6.5 / -3.01 / N.A -6.93 / -2.65 / 4.28 3.55 
[a]First red/ox potentials determined by cyclic voltammetry in V vs Ag/AgCl (CH2Cl2, 
glassy carbon electrode). [b]Calculated based on ELUMO (eV) = -(Ered vs ferrocene + 4.8) 
and EHOMO (eV) = -(Eox vs ferrocene + 4.8).  [c]HOMO/LUMO energies and gaps based on 
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DFT calculations (B3LYP/6-31G(d)) in vacuum. [d]Smallest optical energy gap based 
on onset of longest wavelength of absorption. 
3.3 Conclusions 
Star-shaped donor-acceptor triazines containing thiophenes substituted with alkyl, 
chloro and carbonitrile groups were synthesized via a 3-fold Stille cross coupling 
reaction. Microwave assisted synthesis proved to be a versatile and efficient method 
for generating 2,4,6-tristhiophene-1,3,5-triazine derivatives, as it gave both good 
yields and much faster reaction times. The combination of the molecules 
conformational flexibility and the addition of peripheral side-chains led to low 
melting temperatures and glassy phases for TT-C4, TT-C6 and TT-C8. This was 
attributed to the triazines conformational flexibility which give rise to many 
conformers with different shapes and symmetry. In addition, the space between 
arms cannot be sufficiently filled with the arms of neighboring molecules. The 
addition of a second alkyl-chain to the thiophenes 4-position gave molecules with 
higher crystalline stability due to its higher symmetry. The presence of an alkyl, 
chloro, or carbonitrile group at the 4-position of 5-alkylthiophene pushed the side-
chains away from coplanarity due to sterics. Expectedly, this disrupts the π-stacking 
interactions between molecules and is likely the cause of the molecules lack of liquid 
crystallinity, although TT-C8CN exhibits a plastic crystalline mesophase. The 
attachment of three chromophores to the triazines give high molar extinction 
coefficients with absorptions between 326 – 347 nm and aggregation induced 
emission phenomena.  
3.4 Experimental 
3.4.3 Synthesis and Characterization 
2-butylthiophene (1-C4): Thiophene (35.7 mmol) was added to a 250 mL round 
bottom flask under an inert N2 atmosphere, dissolved in THF (75 mL) and the flask 
was cooled to -78°C. n-BuLi (35.7 mmol) was added dropwise and the reaction was 
stirred for 1 hour. 1-bromobutane (39.2 mmol) was then added dropwise and the 
mixture was allowed to warm to room temperature and stirred overnight. The 
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resulting solution was then quenched with distilled H2O (50 mL). The solution was 
then diluted in Et2O (50 mL) and washed with distilled H2O (3 x 50 mL). The organic 
phase was then collected, dried using anhydrous Na2SO4, filtered, and the solvent 
was removed by rotary evaporator. The final product was obtained as a colourless 
oil after purification by distillation. (3.072 g, 61 % yield). 1H NMR (300 MHz, CDCl3) 
δ = 7.11 (d, J = 5.1, 0.9 Hz, 1H), 6.93 (dd, J = 5.1, 3.3 Hz, 1H), 6.79 (dd, J =3.3, 0.9 Hz, 
1H), 2.84 (t, J = 7.5 Hz, 2H), 1.68 (m, 2H), 1.42 (m, 2H), 0.96 (m, 3H) ppm. 
2-hexylthiophene (1-C6): Refer to procedure used to prepare 1-C4. (2.571 g, 51 % 
yield). 1H NMR (300 MHz, CDCl3) δ = 7.13 (dd, J = 5.1, 1.2 Hz, 1H), 6.94 (dd, J = 5.1, 
3.3 Hz, 1H), 6.80 (d, J = 3.3, 0.9 Hz, 1H), 2.85 (t, J = 7.5 Hz, 2H), 1.71 (m, 2H), 1.37 (m, 
6H), 0.92 (m, 3H) ppm. 
2-octylthiophene (1-C6): Refer to synthetic procedure used to prepare 1-C4. (3.718 
g, 74 % yield). 1H NMR (300 MHz, CDCl3) δ = 7.12 (dd, J = 5.1, 0.9 Hz, 1H), 6.93 (dd, J 
= 5.1, 3.3 Hz, 1H), 6.80 (d, J = 3.3, 0.9 Hz, 1H), 2.83 (t, J = 7.5 Hz, 2H), 1.69 (m, 2H), 
1.29 (m, 10H), 0.92 (m, 3H) ppm. 
tributyl(5-butylthiophen-2-yl)stannane (2-C4): 2-butylthiophene (11.4 mmol) 
was added to a 100 mL round bottom flask under an inert N2 atmosphere, dissolved 
in THF (50 mL) and the flask was cooled to -78 °C. n-BuLi (11.4 mmol) was added 
dropwise to the solution and allowed to stir for 1 hour. Tributyltin chloride (12.0 
mmol) was added dropwise and the mixture was allowed to warm to room 
temperature and stirred overnight. The resulting solution was then quenched with 
distilled H2O (50 mL). The solution was then diluted with Et2O (75 mL) and washed 
with distilled H2O (3 x 75 mL). The organic phase was then collected, dried using 
anhydrous Na2SO4, filtered, and the solvent was removed by rotary evaporator. The 
final product was obtained as yellow oil after purification by distillation. (1.47 g, 30 
% yield). 1H NMR (300 MHz, CDCl3) δ = 6.99 (d, J = 3Hz, 1H), 6.91 (d, J = 3 Hz, 1H), 
2.88 (t, J = 7.5 Hz, 2H), 1.61 (m, 2H), 1.58 (m, 6H), 1.35 (m, 8H), 1.10 (m, 6H), 0.91 
(m, 12H). 
tributyl(5-hexylthiophen-2-yl)stannane (2-C6): Refer to synthetic procedure used 
to prepare 2-C4. (5.247 g, 75 % yield). 1H NMR (300 MHz, CDCl3) δ = 6.99 (d, 1H), 
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6.91 (d, 1H), 2.88 (t, 2H), 1.65 (m, 2H), 1.58 (m, 6H) 1.35 (m, 12H), 1.10 (m, 6H), 
0.91 (m, 12H) ppm. 13C NMR (75 MHz, CDCl3) δ = 151.7, 135.3, 133.7, 125.4, 31.9, 
31.8, 29.4, 29.3, 28.9, 27.8, 22.7, 14.2, 13.8, 13.2 ppm. 
tributyl(5-octylthiophen-2-yl)stannane (2-C8): Refer to synthetic procedure used 
to prepare 2-C4. (7.084 g, 77 % yield). 1H NMR (300 MHz, CDCl3) δ = 6.99 (d, J = 3.3 
Hz, 1H), 6.91 (d, J = 3.3 Hz, 1H), 2.87 (t, J = 7.5 Hz, 2H), 1.65 (m, 2H), 1.58 (m, 6H), 
1.35 (16H), 1.10 (m, 6H), 0.88 (12H) ppm. 13C NMR (75 MHz, CDCl3) δ = 151.7, 
135.3, 133.8, 125.4, 32.01, 30.08, 29.5, 29.5 29.4, 29.1, 27.6, 27.5, 22.8, 14.2, 13.81 
10.8 ppm. 
3-bromo-2-butylthiophene (3-C4): Synthesized using a modified procedure 
described by Huang et al.[16] To a solution of diisopropylamine (7.3 mmol) in dry 
THF (10 mL) under a N2 atmosphere at 0 °C was added n-BuLi (6.7 mmol) and 
stirred for 1 hour. 3-bromothiophene (6.1 mmol) was then added and stirred for 
another hour, followed by the dropwise addition of 1-bromobutane. The solution 
was stirred overnight at room temperature. The reaction mixture was then 
quenched with 6 M HCl (10 mL), diluted in petroleum ether washed with distilled 
H2O (2 x 50 mL). The combined organic fractions were then collected, dried using 
anhydrous Na2SO4, filtered and the solvent was removed by rotary evaporation. The 
final product was obtained after purification by column chromatography using 
petroleum ether to give a colourless oil. (0.93 g, 93 % yield). 1H NMR (300 MHz, 
CDCl3)  = 7.11 (d, J = 5.3 Hz, 1H), 6.91 (d, J = 5.3 Hz, 1H) 2.81 (t, J = 7.5 Hz, 2H), 1.64 
(m, 2H), 1.42 (m, 2H), 0.95 (m, 3H) ppm. 13C NMR (75 MHz, CDCl3)  = 139.9, 129.8, 
122.8, 108.4, 32.8, 28.8, 22.2, 13.8 ppm. 
3-bromo-2-octylthiophene (3-C8): Refer to synthetic procedure used for 3-C4. 
(2.481 g, 74 % yield. 1H NMR (300 MHz, CDCl3)  = 7.13 (d, J = 5.3 Hz, 1H), 6.93 (d, J 
= 5.3 Hz, 1H) 2.79 (t, J = 7.5 Hz, 2H), 1.69 (m, 2H), 1.30 (m, 10H), 0.91 (t, 3H) ppm. 
13C NMR (75 MHz, CDCl3)  = 139.94, 129.80, 122.79, 108.38, 32.85, 31.85, 29.27, 
29.20, 29.12, 29.07, 22.66, 14.11 ppm. 
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2,3-dibutylthiophene (4-C4): Path A: Synthesized using a modified procedure 
described by Li et al.[14] To a solution of Mg turnings (8.2 mmol) in dry ether (15 
mL) at 0 °C was added n-bromobutane (6.6 mmol) dropwise. The reaction was then 
refluxed for 1 hour. The Grignard reagent was then transferred to a solution of 3-
bromo-2-butylthiophene (5.5 mmol) and NiCl2(dppp) (0.05 mmol) in dry Et2O (10 
mL) at 0 °C. The resulting mixture was stirred overnight at room temperature, 
followed by the addition of isopropanol to quench the reaction. The resulting 
mixture was diluted in Et2O and washed with 1M HCl (10 mL) and 2 x H2O (30 mL). 
The combined organic fractions were then collected, dried using anhydrous Na2SO4, 
filtered, and the solvent was removed by rotary evaporation. The final product was 
obtained as a colourless oil after purification by distillation. (0.754 g, 70 % yield). 1H 
NMR (300 MHz, CDCl3)  = 7.03 (d, J = 6.0 Hz, 1H), 6.83 (d, J = 6.0 Hz, 1H), 2.73 (t, J = 
9.0 Hz, 2H) 2.52 (t, J = 9.0 Hz, 2H), 1.60 (m, 2H), 1.40 (t, 2H), 0.95 (m, 6H) ppm. 
13CNMR (75 MHz, CDCl3) δ = 138.77, 137.67, 128.70, 120.91, 34.15, 33.09, 27.95, 
27.52, 22.61, 13.80 ppm. 
Path B: To a solution of 7 (2.4 mmol) in THF (3 mL) cooled to - 78 °C was added 1.6 M 
nBuLi (2.4 mmol) dropwise. The solution was allowed to warm to 0 °C and stirred for 1 
hour to allow for complete deprotonation. The reaction was cooled to – 40 °C and n-
bromobutane (2.4 mmol) was then added via a syringe, allowed to warm to room 
temperature and stirred overnight. The crude product was washed with 2 x H2O and 
extracted with petroleum ether. The combined organic fraction was dried over 
anhydrous Na2SO4, filtered and the solvent was removed by rotary evaporator affording 
a yellow oil. (4.43 g, 94 % yield) 
2,3-dioctylthiophene (4-C8): Refer to synthetic procedure used for 4-C4. (1.707 g, 
61 % yield). 1H NMR (300 MHz, CDCl3) δ = 7.02 (d, J = 6.0 Hz, 1H), 6.81 (d, J = 6.0 Hz, 
1H), 2.70 (t, J = 9.0 Hz, 2H), 2.49 (t, J = 9.0 Hz, 2H), 1.61 (m, 2H), 1.53 (m, 2H), 1.27 
(m, 20H), 0.91-0.88 (m, 6H) ppm. 13C NMR (75 MHz, CDCl3)  = 139.12, 138.01, 
129.00, 121.20, 32.31, 32.24, 31.22, 29.88, 29.85, 29.72, 29.63, 29.60, 28.55, 28.11, 
23.02, 14.44 ppm. 
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tributyl(4,5-dibutylthiophen-2-yl)stannane (5-C4): 2,3-dibutylthiophene (3.5 
mmol) was added to 100 mL flask under an inert N2 atmosphere, dissolved in THF 
and the flask was cooled to -78 °C. n-BuLi (3.5 mmol) was added dropwise and 
stirred for 1 hour. Tributyltinchloride (3.7 mmol) was then added at – 30 °C 
dropwise and allowed to warm to room temperature and stirred overnight. The 
reaction was then quenched with saturated aqueous NaHCO3, diluted in petroleum 
ether and washed with distilled H2O (2 x 50 mL). The organic phase was then 
collected and dried using anhydrous Na2SO4, filtered and the solvent was removed 
by rotary evaporation to give a yellow oil. The product was used in subsequent 
reactions as is. (1.708 g, >95 % crude yield). 1H NMR (300 MHz, CDCl3)  = 6.85 (d, J 
= 9 Hz, 1H), 2.73 (t, 2H) 2.52 (t, 2H), 1.56 (m, 8H), 1.37 (m, 8H), 1.06 (t, 6H) 0.8 (m, 
18H) ppm. 
tributyl(4,5-dioctylthiophen-2-yl)stannane (5-C8): Refer to synthetic procedure 
used to prepare 6-C4. (3.200 g, >95 % yield). 1H NMR (300 MHz, CDCl3) δ = 6.85 (s, 
1H), 2.72 (t, J = 9 Hz, 2H), 2.51 (t, J = 9 Hz, 2H), 1.56 (m, 4H), 1.28 (m, 20H), 1.06 (m, 
6H), 0.89 (m, 18H) ppm. 
3-butylthiophene (6): To a solution of Mg turnings (9.216 mmol) in dry ether (15 
mL) at 0 °C was added n-bromobutane (9.200 mmol) dropwise. The reaction was 
then refluxed for 1 hour. The Grignard reagent was then added dropwise to a 
solution of 3-bromothiophene (6.133 mmol) and NiCl2(dppp) (0.028 mmol) in dry 
Et2O (10 mL) at 0 °C. The resulting mixture was stirred overnight at room 
temperature, followed by the addition of isopropanol to quench the reaction and 
washed with 1M HCl (10 mL) and 2 x H2O (30 mL) followed by extraction with 
ether. The combined organic fractions were then dried with anhydrous Na2SO4, 
filtered, and the solvent was removed by rotary evaporator to give a yellow oil, 
which was purified by distillation to give of 3-butylthiophene (0.48 g, 48 % yield). 
1H NMR (300 MHz, CDCl3):  = 7.24 (dd, J = 6.0 Hz, 1H), 6.96 (s, 1H), 6.94 (d, J = 6.0 
Hz, 1H) 2.65 (t, J = 9.0 Hz, 2H), 1.63 (m, 2H) 1.40 (m, 2H), 0.95 (t, 3H) ppm. 
2-bromo-3-butylthiophene (7): To a solution of 3-butylthiophene (6.118 mmol) in 
CHCl3 (5 mL) and AcOH (3 mL) was added NBS (6.118 mmol) at 0 °C. The solution 
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was warmed to RT and stirred for 1 hour. The reaction is completed when the 
solution becomes transparent. The reaction was then quenched with water and 
washed with NaOH, followed by extraction with ether. The organic fraction was 
dried with anhydrous Na2SO4 and the solvent was removed by rotary evaporator to 
afford a yellow oil. 15 was obtained after purification by column chromatography 
using petroleum ether. (0.815 g, >95 % yield) 1H NMR (300 MHz, CDCl3):  = 7.19 (d, J 
= 3.0 Hz, 1H), 6.81 (d, J = 3.0 Hz, 1H), 2.61 (t, J = 9.0 Hz, 2H) 1.58 (m, 2H), 1.38 (m, 2H), 
0.95 (t, 3H) ppm. 13C NMR (75 MHz, CDCl3):  = 141.9, 128.3, 125.2, 108.8, 68.0, 31.9, 
29.1, 22.3, 14.0 ppm. 
2-butyl-3-chlorothiophene (8-C4): Diisopropylamine (28.6 mmol) was added to a 
250 mL round bottom flask under an inert N2 atmosphere, dissolved in THF (50 mL) 
and the flask was cooled to -78 °C. n-BuLi (28.6 mmol) was added dropwise and 
stirred for 1 hour. 3-chlorothiophene (3.394 g, 28.62 mmol) was then added and 
allowed to stir for 1 hour at -78°C. 1-bromobutane (3.381 mL, 31.48 mmol) was 
added and the mixture was allowed to warm to room temperature and stirred 
overnight. The resulting solution was then quenched with distilled H2O (50 mL), 
diluted with Et2O (75 mL) and washed with distilled H2O (3 x 75 mL). The organic 
phase was then collected, dried using anhydrous Na2SO4, filtered, and the solvent 
was removed by rotary evaporation. The final product was obtained as colourless 
oil after purification by distillation. (3.592 g, 72 % yield). 1H NMR (300 MHz, CDCl3) 
δ =  7.00 (d, J = 5.4 Hz, 1H), 6.86 (d, J = 5.4 Hz, 1H), 2.80 (t, J = 7.5 Hz,  2H), 1.67 (m, 
2H), 1.43 (m, 2H), 0.98 (m, 3H) ppm. 
2-hexyl-3-chlorothiophene (8-C6): Refer to synthetic procedure used to prepare 8-
C4. (1.207 g, 60 % yield). 1H NMR (300 MHz, CDCl3) δ = 7.10 (d, J = 5.4 Hz, 1H), 6.86 
(d, J = 5.4 Hz, 1H), 2.79 (t, J = 7.5 Hz, 2H), 1.64 (m, 2H), 1.35 (m, 6H), 0.89 (m, 3H) 
ppm. 
2-octyl-3-chlorothiophene (8-C8): Refer to synthetic procedure used to prepare 8-
C4. (3.592 g, 72 % yield). 1H NMR (300 MHz, CDCl3) δ = 7.09 (d, J = 5.4 Hz, 1H), 6.85 
(d, J = 5.4 Hz, 1H), 2.79 (t, J = 7.5 Hz, 2H), 1.64 (m, 2H), 1.35 (m, 10H), 0.89 (m, 3H) 
ppm. HRMS (TOF MS ASAP+): m/z calcd. for [C12H20ClS] 231.0974, found 231.0973. 
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tributyl(5-butyl-4-chlorothiophen-2-yl)stannane (9-C4): 2-butyl-3-
chlorothiophene (20.6 mmol) was added to a 100 mL round bottom flask under an 
inert N2 atmosphere, dissolved in THF (50 mL) and the flask was cooled to -78°C. n-
BuLi (20.6 mmol) was added dropwise to the solution and allowed to stir for 1 hour. 
Tributyltin chloride (22 mmol) was added dropwise and the mixture was allowed to 
warm to room temperature and stirred overnight. The resulting solution was then 
quenched with distilled H2O (50 mL). The solution was then diluted with Et2O (75 
mL) and washed with distilled H2O (3 x 75 mL). The organic phase was then 
collected, dried using anhydrous Na2SO4, filtered, and the solvent was removed by 
rotary evaporator. The final product was obtained as a yellow oil after purification 
by distillation. (9.005 g, 94 % yield). 1H NMR (75 MHz, CDCl3) δ = 6.86 (s, 1H), 2.79 
(t, J = 7.5 Hz, 2H), 1.62 (m, 2H), 1.52 (m, 6H), 1.35 (8H), 1.10 (m, 6H), 0.91 (12H) 
ppm. 13C NMR (300 MHz, CDCl3) δ = 143.2, 135.2, 133.2, 123.3, 32.9, 29.0, 28.0, 27.7, 
22.4, 13.9, 13.7, 10.8 ppm. 
tributyl(5-hexyl-4-chlorothiophen-2-yl)stannane (9-C6): Refer to synthetic 
procedure used for 9-C4. (2.13 g, 77 % yield). 1H NMR (300 MHz, CDCl3): 6.88 (s, 
1H), 2.79 (t, J = 7.5 Hz, 2H), 1.62 (m, 2H), 1.52 (m, 6H), 1.35 (12H), 1.10 (m, 6H), 0.91 
(12H). 13C NMR (75 MHz, CDCl3) δ = 143.2, 135.2, 133.1, 123.2, 31.7, 30.7, 29.7, 29.0, 
28.0, 27.2, 22.7, 14.2, 13.7, 10.8 ppm. HRMS (TOF MS ASAP+): m/z calcd. for 
[C22H42ClSSn] 493.1718, found 493.1734. 
tributyl(5-octyl-4-chlorothiophen-2-yl) (9-C8): Refer to synthetic procedure used 
for 9-C4. (4.382 g, 88 % yield). 1H NMR (300 MHz, CDCl3) δ = 6.87 (s, 1H), 2.79 (t, J = 
7.5 Hz, 2H), 1.62 (m, 2H), 1.52 (m, 6H), 1.35 (16H), 1.10 (m, 6H), 0.91 (12H) ppm. 13C 
NMR (75 MHz, CDCl3) δ = 143.2, 135.1, 133.1, 123.2, 31.9, 30.7, 29.4, 29.3, 29.0, 
28.1, 27.9, 27.3, 22.8, 14.2, 13.7, 10.9 ppm. HRMS (TOF MS ASAP+): m/z calcd. for 
[C24H46ClSSn] 521.2031, found 521.2045. 
2-butylthiophene-3-carbonitrile (10-C4): A 20 mL microwave vessel was charged 
with 3-bromo-2-butylthiophene (4.6 mmol). Zinc cyanide (4.6 mmol), Pd[PPh3]4 
(0.09 mmol) and dissolved in DMF (8 mL). The vessel was then purged with N2, 
capped, and placed in a microwave reactor for 30 minutes at 140 °C. The solution 
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was then diluted in ethyl acetate (75 mL) washed with distilled H2O (3 x 50 mL). 
The organic phase was then collected, dried using anhydrous Na2SO4 and the solvent 
was removed by rotary evaporation. The final product was then isolated as a 
colourless oil after purification by column chromatography (EtOAc:hex). (0.490 g, 
65 % yield). 1H NMR (300 MHz, CDCl3)  = 7.16 (s, J = 5.4 Hz, 1H), 7.10 (m, J = 5.4 Hz, 
1H), 3.02 (t, J = 7.5 Hz, 2H), 1.71 (m, 2H), 1.42 (m, 2H), 0.95 (m, 3H) ppm. 
2-octylthiophene-3-carbonitrile (10-C8): Refer to synthetic procedure used to 
prepare 10-C4. (0.687 g, 57 % yield). 1H NMR (300 MHz, CDCl3)  = 7.11 (s, J = 5.4 
Hz, 1H), 7.03 (m, J = 5.4 Hz, 1H), 2.99 (t, J = 7.5 Hz, 2H), 1.67 (m, 2H), 1.23 (m, 10H), 
0.83 (m, 3H) ppm. 13C NMR (75 MHz, CDCl3)  = 157.5, 128.2, 124.1, 115.1, 108.3, 
31.9, 31.5, 29.4, 29.2, 29.0, 27.7, 14.2 ppm. 
2-butyl-5-(tributylstannyl)thiophene-3-carbonitrile (11-C4): 2-butyl-3-
thiophenecarbonitrile (3.0 mmol) was added to a 100 mL round bottom flask under 
an inert N2 atmosphere, dissolved in THF (30 mL) and the flask was cooled to -78°C. 
Turbo Grignard (Isopropylmagnesium chloride lithium chloride complex solution) 
(3.0 mmol) was added dropwise to the solution and allowed to stir for 1 hour. 
Tributyltin chloride (3.3 mmol) was added dropwise and the mixture was allowed 
to warm to room temperature and stirred overnight. The resulting solution was 
then quenched with distilled H2O (50 mL). The solution was then diluted with Et2O 
(75 mL) and washed with distilled H2O (3 x 75 mL). The organic phase was then 
collected, dried using anhydrous Na2SO4, filtered, and the solvent was removed by 
rotary evaporator. The final product was obtained as a yellow oil after purification 
by column chromatography (1:20 EtOAc:hex). (0.677 g, 50 % yield). 1H NMR (75 
MHz, CDCl3)  = 7.12 (s, 1H), 3.00 (t, J = 4.3 Hz, 6H), 1.71 (m, 2H), 1.56 (m, 6H) 1.41 
(m, 2H), 1.33 (m, 6H), 1.12 (m, 6H), 0.95 (t, 3H), 0.90 (m, 9H) ppm. 13C NMR (300 
MHz, CDCl3)  = 162.6, 136.4, 135.8, 115.6, 109.7, 33.5, 29.1, 29.0, 27.2, 22.2, 13.7, 
13.6, 11.0 ppm. 
2-octyl-5-(tributylstannyl)thiophene-3-carbonitrile (11-C8): Refer to synthetic 
product used to prepare 11-C4. (0.828 g, 63 %). 1H NMR (300 MHz, CDCl3)  = 7.11 
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(s, 1H), 3.00 (t, J = 4.3 Hz, 2H), 1.72 (m, 2H), 1.54 (m, 6H) 1.33 (m, 16H), 1.11 (m, 
6H), 1.12 (m, 6H), 0.90 (t, 3H), 0.88 (m, 9H) ppm. 13C NMR (75 MHz, CDCl3)  = 
162.8, 136.4, 135.8, 115.7, 109.6, 31.8, 31.4, 29.4, 29.2, 29.2, 29.1, 28.9, 27.2, 22.6, 
14.1, 13.6, 10.9 ppm. 
2,4,6-tris(5-butylthiophen-2-yl)-1,3,5-triazine (TT-C4): A 5 mL microwave vessel 
was charged with tributyl(5-butylthiophen-2-yl)stannane (1.6 mmol), cyanuric 
chloride (0.3 mmol) and Pd[PPh3]4 (0.01 mmol). The vessel was then capped, 
purged with N2 and toluene (3 mL) was added. N2 was bubbled through the mixture 
for 15 minutes. The reaction was then heated in a microwave and stirred at 140°C 
for 1 hour. The resulting solution was then diluted in EtOAc and washed with 
distilled H2O (3 x 75 mL). The organic phase was then collected and dried using 
anhydrous Na2SO4, filtered and the solvent was removed by rotary evaporation. The 
final product was then isolated as a pale yellow solid after purification by column 
chromatography (EtOAc:hex). (0.103 g, 76 % yield). 1H NMR (300 MHz, CDCl3) δ = 
8.07 (d, J = 3.6 Hz, 3H), 6.87 (d, J = 3.6 Hz, 3H), 2.89 (t, J = 7.5 Hz, 6H), 1.73 (m, 6H), 
1.41 (m, 6H), 0.94 (m, 9H) ppm. 13C NMR (75 MHz, CDCl3) δ = 167.5, 153.9, 138.9, 
131.8, 126.0, 33.8, 30.6, 22.3, 14.0 ppm. HRMS (TOF MS ES+): m/z cald. for 
[C27H34N3S3] 496.1915, found 496.1910. 
2,4,6-tris(5-hexylthiophen-2-yl)-1,3,5-triazine (TT-C6): Refer to synthetic 
procedure used to prepare TT-C4. (0.080 g, 48 % yield). 1H-NMR (300 MHz, CDCl3) 
δ = 8.08 (d, J = 3.9 Hz, 3H), 6.88 (d, J = 3.9Hz, 3H), 2.88 (t, J = 7.2 Hz, 6H), 1.75 (m, 
6H), 1.40 (m, 6H), 1.33 (m, 6H), 1.26 (m, 6H), 0.82 (m, 9H) ppm. 13C NMR (75 MHz, 
CDCl3) δ = 167.4, 154.0, 138.8, 131.8, 126.0, 31.7, 31.6, 30.9, 28.9, 22.7, 14.2 ppm. 
HRMS (TOF MS ES+): m/z cald. for [C33H46N3S3] 580.2854, found 580.2851. 
2,4,6-tris(5-octyllthiophen-2-yl)-1,3,5-triazine (TT-C8): Refer to synthetic 
procedure used to prepare TT-C4: (0.192 g, 53 % yield). 1H NMR (300 MHz, CDCl3) δ 
= 8.08 (d, J = 3.6 Hz, 3H), 6.87 (d, J = 3.6 Hz, 3H), 2.88 (t, J = 7.2 Hz, 6H), 1.77 (m, 6H), 
1.36 (m, 20H), 0.91 (m, 9H) ppm. 13C NMR (75 MHz, CDCl3) δ = 167.4, 153.9, 138.9, 
131.8, 125.9, 32.0, 31.7, 30.9, 29.5, 29.4, 29.3, 22.8, 14.3 ppm. HRMS (TOF MS ES+): 
m/z cald/ for [C39H59N3S3] (M+H) 664.3793, found 664.3788. 
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2,4,6-tris(4,5-dibutylthiophen-2-yl)-1,3,5-triazine (TT-C4C4): A 50 mL schlenk 
flask was charged with tributyl(4,5-dibutylthiophen-2-yl)stannane (1.457 mmol) and 
cyanuric chloride (0.456 mmol) under a N2 atmosphere. Dry toluene (20 mL) was then 
added to the flask, followed by the addition of Pd[PPh3]4 (0.022 mmol). The reaction 
was stirred for 24 hours at 90 °C. The reaction was then diluted in EtOAc and washed 
with distilled H2O (3 x 50 mL). The organic fraction was the collected, dried using 
anhydrous Na2SO4, filtered and the solvent was removed by rotary evaporation. The 
final product was obtained as a pale yellow solid after purification by column 
chromatography (EtOAc:hex). (0.106 g, 70 % yield). 1H NMR (300 MHz, CDCl3) δ = 7.91 
(s, 3H), 2.73 (t, J = 7.5 Hz, 6H), 2.49 (t, J = 9.0 Hz, 6H), 1.61 (m, 12H), 1.36 (m, 12H), 
0.9 (m, 18H) ppm. 13C NMR (75 MHz, CDCl3)  = 167.1, 147.7, 140.0, 136.5, 133.3, 
33.8, 32.9, 28.3, 28.0, 22.6, 22.5, 22.3, 14.0, 13.9 ppm. HRMS (TOF MS EI): m/z calcd. 
for [C39H58N3S3] 663.3715, found 663.3726. 
2,4,6-tris(4,5-dioctylthiophen-2-yl)-1,3,5-triazine (TT-C8C8): Refer to synthetic 
procedure used to prepare TT-C4C4. (0.347 g, 21 % yield). 1H NMR (300 MHz, 
CDCl3) δ = 7.98 (s, 3H), 2.80 (t, J = 7.5 Hz, 6H), 2.56 (t, J = 9.0 Hz, 6H), 1.72 (m, 12H), 
1.64 (m, 12H), 1.34 (m, 36H), 0.91 (t, 18H) ppm. 13C NMR (75 MHz, CDCl3)  = 167.3, 
147.5, 139.9, 136.8, 133.1, 31.9, 31.9, 31.7, 30.8, 29.6, 29.5, 29.4, 29.4, 29.3, 29.3, 
28.6, 28.4, 22.9, 22.7, 14.1 ppm. MS (TOF MS ESI): m/z calcd. for [C63H105N3S3] 
1000.7543, found 100.7536. Anal. calcd. for C63H105N3S3 (1000.72 g·mol−1): C 75.61, 
H 10.58, N 4.20, S 9.61; found C 75.49, H 10.65, N 4.21, S 9.37. 
2,4,6-tris(5-butyl-4-chlorothiophen-2-yl)-1,3,5-triazine (TT-C4Cl): A 5 mL 
microwave vessel was charged with tributyl(5-butyl-3-chlorothiophen-2-
yl)stannane (1.6 mmol), cyanuric chloride (0.3 mmol) and Pd[PPh3]4 (0.01 mmol). 
The vessel was then capped, purged with N2 and toluene (3 mL) was added. N2 was 
bubbled through the mixture for 15 minutes. The reaction was then heated in a 
microwave and stirred at 140°C for 1 hour. The resulting solution was then diluted 
in EtOAc and washed with distilled H2O (3 x 75 mL). The organic phase was then 
collected and dried using anhydrous Na2SO4, filtered and the solvent was removed 
by rotary evaporation. The final product was then isolated as a pale yellow solid 
Chapter 3 
91 
References begin on page 92 
after purification by preparative chromatography (EtOAc:hex).  (0.010 g, 6 % yield). 
1H NMR (300 MHz, CDCl3)  = 8.00 (s, 3H), 2.86 (t, J = 7.5 Hz, 6H), 1.75 (m, 6H), 1.50 
(m, 6H), 0.96 (t, 9H) ppm. HRMS (TOF MS ES+): m/z cald. for [C27H31Cl3N3S3] 
598.0746, found 598.0738. 
2,4,6-tris(4-chloro-5-hexylthiophen-2-yl)-1,3,5-triazine (TT-C6Cl): Refer to 
synthetic procedure used to prepare TT-C4Cl. (0.096 g, 52 % yield). 1H NMR (300 
MHz, CDCl3)  = 7.90 (s, 3H), 2.83 (t, J = 7.5 Hz, 6H), 1.67 (m, 6H), 1.59 (m, 6H), 1.38 
(m, 12H), 0.96 (m, 9H) ppm. 13C NMR (75 MHz, CDCl3)  = 166.7, 146.5, 136.4, 131.8, 
123.7, 31.6, 30.4, 28.9, 28.6, 22.7, 14.2 ppm. HRMS (TOF MS ES+): m/z cald. for 
[C33H43Cl3N3S3] 682.1685, found 682.1682. 
2,4,6-tris(4-chloro-5-octylthiophen-2-yl)-1,3,5-triazine (TT-C8Cl): Refer to 
synthetic procedure used to prepare TT-C4Cl. (0.074 g, 41 % yield). 1H NMR (300 
MHz, CDCl3)  = 7.94 (s, 1H), 2.84 (t, J = 7.5 Hz, 6H), 1.72 (m, 6H), 1.36 (m, 30H), 0.89 
(m, 9H) ppm. 13C NMR (75 MHz, CDCl3)  = 166.8, 146.5, 136.5, 131.8, 123.7, 31.9, 
30.4, 29.8, 29.3, 29.2, 28.6, 22.8, 14.20 ppm. HRMS (TOF MS ES+): m/z cald. for 
[C39H55Cl3N3S3] 766.2624, found 766.2596. 
5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(2-butylthiophene-3-carbonitrile) (TT-
C4CN): A 20 mL microwave vessel was charged with 2-butyl-5-
(tributylstannyl)thiophene-3-carbonitrile (1.5 mmol), cyanuric chloride (0.5 mmol) 
and Pd[PPh3]4 (0.07 mmol). The vessel was then capped, purged with N2, and 
toluene (3 mL) was added. The reaction was then heated in a microwave and stirred 
at 140°C for 1 hour. The resulting solution was then diluted in EtOAc and washed 
with distilled H2O (3 x 75 mL). The organic phase was then collected and dried using 
anhydrous Na2SO4, filtered and the solvent was removed by rotary evaporation. The 
final product was then isolated as a white yellow solid after purification by column 
chromatography (EtOAc:hex). (0.090 g, 34 % yield) 1H NMR (500 MHz, CDCl3)  = 
8.07 (s, 3H), 3.07 (t, J = 4.6 Hz, 6H), 1.80 (m, 6H), 1.49 (m, 6H), 1.00 (m, 9H) ppm. 13C 
NMR (125 MHz, CDCl3)  = 166.5, 164.3, 138.4, 132.7, 114.0, 109.9, 33.2, 30.0, 22.2, 
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13.7 ppm. HRMS (TOF MS ES+): m/z cald. for [C30H31N6S3] 571.1772, found 
571.1773. 
5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(2-octylthiophene-3-carbonitrile) (TT-
C8CN): Refer to synthetic procedure used to prepare T-C4CN. (0.481 g, 85 % yield) 
1H NMR (500 MHz, CDCl3)  = 8.24 (s, 3H), 3.09 (t, J = 4.6 Hz, 6H), 1.83 (m, 6H), 1.44 
(m, 6H), 1.33 (m, 24H), 0.89 (m, 9H) ppm. 13C NMR (75 MHz, CDCl3)  = 166.7, 164.3, 
138.6, 132.9, 114.1, 110.0, 31.8, 31.2, 30.3, 29.2, 29.1, 29.0, 22.6, 14.1 ppm. HRMS 
(TOF MS ES+): m/z cald. for [C42H55N6S3] 739.3651, found 739.3647. 
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Supporting Information to Chapter 3 
 
 
Figure SI-3.1: Cyclic voltammogram of CH2Cl2 and tetrabutyl ammonium 
hexafluorophosphate at 100 mV/s. 
 
Figure SI-3.2: Cyclic voltammogram of TT-C4 at 100 mV/s. 
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Figure SI-3.3: Cyclic voltammogram of TT-C4C4 at 100 mV/s. 
 
Figure SI-3.4: Cyclic voltammogram of TT-C6Cl at 100 mV/s. 
 
Figure SI-3.5: Cyclic voltammogram of TT-C4CN at 100 mV/s. 
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Table SI-3.1: Geometry optimized structures and frontier orbital distributions of TT 














Frontier orbitals of TT-C2. 
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Frontier orbitals of TT-C2C2 
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Frontier orbitals of TT-C2Cl 
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Figure SI-3.6: Rotational barrier of thiophene arm om TT-C2. 
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Figure SI-3.7: Rotational barrier of side-chain in TT-C2Cl. 
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FigureSI-3.8: DSC curve of TT-C4. 
 
Figure SI-3.9: DSC curve of TT-C6. 
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Figure SI-3.10: DSC curve of TT-C8. 
 
Figure SI-3.11: DSC curve of TT-C4C4. 
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Figure SI-3.12: DSC curve of TT-C8C8. 
 
Figure SI-3.13: DSC curve of TT-C4Cl. 
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Figure SI-3.14: DSC curve of TT-C6Cl. 
 
Figure SI-3.15: DSC curve of TT-C8Cl. 
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Figure SI-3.16: DSC curve of TT-C4CN. 
 
Figure SI-3.17: DSC curve of TT-C8CN. 
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Figure SI-3.18: pXRD pattern of TT-C8 at 25 °C (as precipitated). 
 
Figure SI-3.19: pXRD pattern of TT-C8C8 at 25 °C (as precipitated). 
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Figure SI-3.20: pXRD pattern of TT-C8Cl at 25 °C (as precipitated). 
 
 
Figure SI-3.21: pXRD pattern of TT-C8CN at 114 °C (plastic crystal phase). 
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CHAPTER 4:  
1,3,5-Triazine(trithiophenylcarboxylate)esters form 
metastable monotropic nematic discotic liquid crystals 
4.1 Introduction 
Compounds displaying columnar mesomorphism currently dominate the field of 
discotic liquid crystals (DLCs) due to their high tendency to self-organize into 1-
dimensional stacks that are capable of charge transport.1–4 Discotic molecules 
exhibiting nematic mesophases are less explored for this reason but have found 
commercial use as optical compensation films in display technologies.5 The 
conventional molecular design of DLCs, a flat aromatic core that is surrounded by 
flexible side-chains, favours the formation of columnar stacks because of 
microphase segregation between aromatic cores and flexible side-chains.2,3,6,7 
Structural features that promote nematic over columnar mesomorphism are still 
little explored and a large deviation from the conventional design of DLCs often 
suppresses mesomorphism altogether. 
Some general design principles for DLCs that form nematic mesophases have 
been proposed and can be inferred based on the structures of reported nematic 
discotic molecules. Conformationally flexible and sterically hindered cores that 
reduce π-π stacking interactions appear to support nematic mesomorphism in DLCs 
according to studies on benzene,8,9 triphenylene.10–12 and radial multiyne13–16 cores. 
Similarly effective seems to be the incorporation of macrocycles into the core of 
DLCs, which is assumed to disfavour columnar arrangements because stacked 
cavities of the macrocycles would generate a large free volume. Typical examples 
are DLCs containing phenylacetylene macrocycles17,18 and acetylene bridged 
triphenylene twins.19,20 Interesting in this context is the work on crown ether 
centered DLCs as they form columnar liquid crystal phases with or without 
coordinating metal ions.21,22 Their propensity to stack into columns can be 
attributed to the flexibility of the linking groups and the stronger microphase 
segregation between the polar crown ether and the non-polar aromatic groups and 
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side chains. Finally, the attachment of side-chains that generate insufficient packing 
volume for the formation of microphase segregated columnar structures has 
induced nematic mesomorphism.23–26 Typically, 3 linear side-chains are radially 
attached to a sufficiently large discotic core as this preserves the overall disc-shape 
but the packing volume of the three side chains is too small to fill the space laterally 
surrounding each discotic core unit. 
A combination of two of the design criteria was applied to the 
triazine(trithiophenylcarboxylate) esters reported here. The 2,4,6-tri(thiophen-2-
yl)-1,3,5-triazine core and its peripheral ester groups are preferentially coplanar but 
conformationally flexible and the attachment of only 3 linear alkyl side-chains 
affords an insufficient packing volume to efficiently fill space around the core and 
in-between the thiophenecarboxylate esters. Minimization of the free volume in a 
condensed phase requires alkyl groups from neighbouring molecules to fill these 
spaces and this type of packing is not compatible with the rotational freedom of 
columnar stacks in a hypothetical columnar mesophase. Consequently, these 
discotic compounds do not form columnar but nematic mesophases, albeit 
monotropic and metastable, for derivatives with propyl to octyl chains. 
4.2 Results and Discussion 
4.2.1 Synthesis 
The synthesis of all nine 1,3,5-triazine(trithiophenylcarboxylate) esters is 
summarized in Scheme 4.1. The synthetic approach follows established paths and 
generated the final products in three steps with overall yields between 43% and 2%. 
All reported yields are isolated yields after purification of reactions that were not 
individually optimized. The highest yields for each of the three reaction steps were 
91%, 83%, and 93%, which suggests an overall yield of 70% could be reached for 
each compound after optimization.  
Alkyl thiophene carboxylates 1b-i were prepared by an H2SO4 catalysed 
esterification of thiophene carboxylic acid with excess alcohol in a microwave.27 The 
formed liquid esters were purified by Kugelrohr distillation and then stannylated 
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with lithium diisopropylamide as a base and tributyltin chloride as the stannylation 
reagent to give the liquid stannyl esters 2a-i.  A Stille cross coupling reaction was 
employed for the final three-fold attachment of stannyl esters 2a-i to cyanuric 
chloride as reported by Leriche et al.,28 but the reactions described here were 
conducted in a microwave, which significantly lowered reaction times and increased 
yields. All final triazine derivatives 3a-i are off-white to pale yellow crystalline or 
amorphous solids when precipitated from solution. Details of the synthetic 
protocols and spectra of the products are provided as supplemental information. 
 
Scheme 4.1: Synthetic route for the preparation of compounds 3a-i. MW = microwave 
reaction. 
4.2.2 Single Crystal Structure of 3a 
Triazine ester 3a with ethyl chains is expectedly not mesomorphic but provided 
access to a single crystal structure. Notably, crystallization from solution did not 
generate single crystals of sufficient size and quality but slow cooling of a sample on 
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a glass slide from its isotropic liquid phase resulted in the formation of crystals 
suitable for a single crystal X-ray diffraction (scXRD) analysis. Triazine ester 3a 
crystallizes in the chiral space group P65 with one molecule in the asymmetric unit 
(Figure 4.1). The bond lengths in the molecule are typical of those seen elsewhere 
and do not require detailed discussion. More importantly, the scXRD data confirm a 
co-planar conformation of all aromatic rings, which was expected and is in 
agreement with what was reported for similar compounds.28 Less certain was the 
revealed uniform orientation of the carbonyl groups that generates molecules with 
3-fold rotational symmetry. The lateral packing of these molecules, as seen in Figure 
1b, is guided by the interdigitation of the pendant chains with neighboring 
molecules and by hydrogen bonds (2.43 – 2.50 Å) between the carbonyl oxygen and 
a thiophene-hydrogen atom. Their vertical packing along the c-axis is guided by a 
helical columnar structure that requires molecules within one stack to be laterally 
offset and rotated by 60° with regard to each other (Figure 4.1c and Figure 4.1d). 
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Figure 4.1: Single crystal X-ray structure of 3a. Shown are (a) the molecular structure 
of 3a, (b) its packing within a layer, (c) its vertical helical column packing, and (d) a 
view down a helical column with thienyl arms hidden for clarity. 
The formation of helical columns is also supported by dipole-dipole 
interactions between carbonyl groups of molecules in adjacent columns and one 
layer above or below as depicted in Figure 4.2. The figure also shows that these 
achiral molecules arrange into homochiral helical columnar stacks giving rise to a 
chiral crystal. 
 
Figure 4.2: Dipole interactions between two carbonyl groups and between carbonyl 
and ether groups of molecules in neighbouring columns and adjacent layers. The 
bottom right molecule is one layer above the top left molecule. 
This single crystal structure provides an excellent starting point for 
rationalizing the formation of nematic discotic phases in these compounds when the 
chain length is greater than two carbons long. Lengthening of the alkyl-chains 
increases the distance between the triazine cores within a sheet, which disrupts the 
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hydrogen bond interactions between the carbonyl oxygen and thiophene hydrogen, 
and significantly weakens the dipole-dipole interactions between carbonyl groups 
by pushing them further apart. It is our hypothesis that the loss of these stronger 
intermolecular interactions and increasing conformational dynamic leads to the 
disassembly of the layers in the crystal phase into smaller sheets that can shift more 
freely with regard to each other to generate a nematic phase. The presence of π-π 
stacking structures in the nematic phase is corroborated by its relatively intense 
reflection in the wide angle powder X-ray diffraction (pXRD) pattern at 3.56 Å 
(Figure 4.4b), which corresponds to an increase of the average stacking distance by 
0.16 Å when compared to the single crystal structure. 
4.2.3 Mesomorphism 
The mesomorphic properties of triazines 3a-i were studied by polarized optical 
microscopy (POM), differential scanning calorimetry (DSC), and pXRD. Phase 
transition temperatures and enthalpies based on DSC measurements and phase 
assignments based on POM and pXRD for compounds 3a-i are summarized in Figure 
4.3. All mesomorphic compounds show irreversible melting transitions above the 
clearing temperatures of their nematic phases in the first heating run and reversible 
phase transitions in the subsequent cooling and heating runs. Data for different 
heating and cooling rates are included for compounds that show significant 
differences in phase behaviour and transition temperatures at different heating and 




References begin on page 130 
 
Figure 4.3: Phase transitions temperatures and enthalpies of 3a – i based on DSC at [a] 
10 ºC·min-1; [b] 2 ºC·min-1; [c] 20 ºC·min-1. 
Triazine esters 3b-g bearing carboxylate groups with linear side-chains greater than 
two carbons long exhibit monotropic mesophases with isotropic to mesophase 
transition enthalpies of <2 kJ/mol (Figure 4.3). These low transition enthalpies are 
consistent with the formation of the less common nematic discotic rather than 
columnar discotic mesophases.5 Characteristic Schlieren defect textures with 2 and 
4 point disclinations (Figure 4.4a) and pXRD patterns with broad low intensity 
reflections for the lateral packing and stacking of the molecules (Figure 4.4b) 
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further supported the assignments as nematic discotic liquid crystal phases. 
However, all observed nematic phases are metastable, which means they 
crystallized within hours and days or when mechanically agitated, but their overall 
propensity for crystallization strongly decreased with increasing length of the linear 
alkyl chains up to hexyl (3e). Overall, the clearing temperatures of the monotropic 
nematic phases gradually decreased from 117 °C to -8 °C with increasing chain 
length from ethyl to octyl, which means the nematic phases become thermally less 
stable. 
 
Figure 4.4: (a) Schlieren textures of 3e at two different magnifications (crossed 
polarizers, 45 ºC). (b) pXRD patterns of 3e in the isotropic (90 °C), nematic (40 °C) and 
crystalline phases (23 °C). 
Triazine esters 3b and 3c do not form a nematic phase on cooling when the cooling 
rate is sufficiently slow (e.g. 2 °C min-1), but faster cooling rates of 10 °C min-1 and 
20 °C min-1 significantly lower their crystallization temperatures below the 
isotropization temperatures of their monotropic nematic phases. Both nematic 
phases crystallize within hours and when mechanically agitated at any temperature 
below the crystallization temperature. Triazine esters 3d-g display monotropic 
nematic phases at fast and slow cooling rates and they are stable for hours and up to 
days unless mechanically agitated. Compounds 3d and 3f-g crystallize when heated 
close to the clearing temperatures of their nematic phases (cold crystallization), 
which is another indicator for kinetically hindered crystallization processes. 
Chapter 4 
121 
References begin on page 130 
By far the most stable nematic phase is displayed by the triazine ester with hexyl 
chains (3e) as it does not undergo cold crystallization on heating and the nematic 
phase, once formed, does not crystallize for days.  Remarkably, 3e immediately 
crystallizes when mechanically agitated (strain induced crystallization) but the 
crystallization process is rather localized and crystal growth is extremely slow 
within the nematic phase (Figure 4.5). In fact, using a metal pin, it is possible to 
draw a cross of crystalline domains into the nematic phase that would remain 
virtually unchanged for hours. It is also possible to heat the sample above the 
clearing temperature of the nematic phase and enhance the crystal growth of the 
crystalline domains as shown in Figures 4.5b and c. 
 
Figure 4.5: (a) Mechanical agitation of the nematic phase of 3e at 40 °C results in a 
localized crystallization. (b) Heating of this sample to 60 °C clears the nematic phase 
but not the crystalline domains (c) and enhances the growth of the crystalline domains 
here shown 5 minutes later. 
Another indication for the great difficulty these compounds have to 
crystallize are broad crystallization peaks in DSC curves and split melting 
transitions for compounds 3e, 3f, 3h, and 3i. We attribute these unusual properties 
to the large number of possible low energy conformations possessed by these small 
molecules, which slow down crystallization processes and may generate 
intermediate conformationally disordered crystal phases. 
Incorporation of branched racemic sec-butyl and enantiomerically pure (R)-
sec-butyl chains in triazine esters 3h and 3i, respectively, fully suppressed 
mesomorphism. Branching close to the core expectedly reduced the melting 
temperatures by about 35 °C when compared to the n-butyl derivative 3c but, 
unexpectedly, the branching and chirality greatly enhanced the propensity for 
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crystallization of compounds 3h and 3i. Consequently, both compounds crystallized 
between 108 °C and 110 °C, which is above the thermal stability of their 
hypothetical nematic phases. 
4.2.4 Contact sample of the nematic phase of compound 3e with the crystalline 
phase of chiral compound 3i 
A contact sample between 3e and 3i was prepared to study the influence of 
branching and chirality in more detail. Figure 4.6 shows POM images of the contact 
zone between the nematic phase of compound 3e with the crystalline phase of 
compound 3i in a liquid crystal cell with homogenous alignment layers (Instec LC3-
5.0, parallel rubbing). The pure nematic phase gives a homogenously aligned texture 
with no defects (bottom left of the image) and the pure crystalline phase of 3i 
displays a multi-domain spherulitic texture (top right). 
 
Figure 4.6: POM image (crossed polarizers) of a contact sample between 3e and 3i in 
a liquid crystal cell with parallel homogenous alignment layer at 27 °C. 
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Based on the assumption of a linear concentration gradient, it can be 
concluded that mixtures of 3e with up to 70% v/v of 3i at 27 °C display liquid 
crystal phases whereas higher contents of 3i result in the formation of an isotropic 
liquid phase up to about 95% v/v. Mixtures with more than 95% of 3i give 
crystalline phases that likely consist of crystals of 3i that contain small amounts of 
3e. Compound 3e containing 3i in amounts of up to 25% gave oily streak textures 
that are characteristic for chiral nematic liquid crystal phases. As the concentration 
of 3i surpasses about 25%, the texture becomes less defined with more prominent 
defects. Heating and cooling of the contact sample revealed decreasing melting 
points with increasing content of 3e for the crystalline mixtures and decreasing 
clearing temperatures with increasing content of 3i for the nematic mixtures. As 
expected, the concentration range of the isotropic liquid mixture decreases with 
decreasing temperature but some isotropic liquid mixture remains even at 0 °C. 
Our prediction based on these contact studies is that compounds 3 with only 
one or two (R)-sec-butyl chains and two or one n-butyl chains, respectively, likely 
display metastable and monotropic chiral nematic discotic phases. However, 
introduction of the methyl branching and chirality significantly decrease the 
thermal stability of the nematic and crystalline phases and, perhaps more 
importantly, also decrease the kinetic hindrance for crystallization. 
4.3 Conclusion 
The presented synthesis of 1,3,5-triazine(trithiophenylcarboxylate) esters is 
versatile, fast, and gives the products in good to excellent yields. Their 
mesomorphism is limited to metastable monotropic nematic phases and the thermal 
stability of the nematic phases gradually decreases with increasing length of the 
alkyl chains. Clearly, the combination of a conformationally flexible core with the 
attachment of only three side-chains supresses columnar in favour of nematic 
discotic mesomorphism but it also lowers their overall propensity for the formation 
of liquid crystal phases. Similarly, the crystallization of the esters is kinetically 
hindered, likely because the compounds can form a large number of low energy 
conformations. However, a single crystal structure of the ethyl derivative reveals a 
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fully planar core structure with 3-fold rotational symmetry that arranges into chiral 
helical columnar structures. Incorporation of branched and chiral (sec)-butyl side-
chains greatly enhanced crystallization but did not stabilize the nematic mesophase, 
which may be reasoned with a better space filling of the branched side-chain and a 
reduced number of available low energy conformations in the chiral phase. Chiral 
nematic discotic phases could be obtained for binary mixtures of 3e and 3i. 
4.4 Experimental 
4.4.1 Materials 
All reagents and solvents were purchased from Sigma-Aldrich and Strem Chemicals 
and used as received unless otherwise stated. Ethyl 2-thiophene carboxylate, 2-
thiophene carboxylic acid, tributyltin chloride, and 1M lithium diisopropylamide 
solution in THF/hexanes was purchased from Sigma Aldrich. Pd[PPh3]4 was 
purchased from Strem Chemicals. Dry and air-free toluene and tetrahydrofuran was 
obtained from a solvent purification system (Innovative Technology Inc., MA, USA, 
Pure-Solv 400). SiliaFlash® F60 (230-400 mesh, from Silicycle, Canada). 
4.4.2 Methods 
1H NMR and 13C NMR spectra were obtained on Bruker NMR spectrometers (DRX 
500 MHz and DPX 300 MHz). The residual proton signal of the deuterated solvent 
(chloroform (CDCl3)) was used as a reference signal and multiplicities of the peaks 
are given as s = singlet, d= doublet, t = triplet, and m = multiplet. HRMS was 
obtained using Waters XEVO G2-XS TOF instrument with an asap probe in CI mode. 
Polarized optical microscopy (POM) experiments were performed using an Olympus 
TPM51 polarized light microscope that is equipped with a Linkam variable 
temperature stage HCS410 and digital photographic imaging system (DITO1). 
Calorimetric studies were performed Mettler Toledo DSC 822e. 
4.4.3 Synthesis and Characterization 
General Procedure for the Preparation of Thienyl Esters (1b-i): Synthesis of 
thienyl esters were carried out using a modified procedure reported by Reilly et al.27 
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A 5 mL microwave vessel was charged with thiophene carboxylic acid (5 mmol) and 
excess propanol (40 mmol). Concentrated H2SO4 was slowly added. The vessel was 
then capped and placed in the microwave for 30 minutes at 120 °C. Upon cooling to 
room temperature, the solution was diluted in diethyl ether and extracted twice 
with NaHCO3 (aq) and once with H2O. The organic phase was then collected, dried 
using Na2SO4, and filtered. The solvent was then removed by rotary evaporation. The 
final product was obtained as a clear liquid after purification using Kugelrohr 
distillation.  
General Procedure for Preparation of Stannylations of Thienyl Esters (2a-i): 
A solution of propyl thiophene-2-carboxylate (4.1 mmol) in THF (25 mL) under N2 
was cooled to -78 °C. A 1M solution of LDA (4.1 mmol) in hexanes was then added 
dropwise to mixture and allowed to stir for 30 minutes. This was followed by the 
dropwise addition of tributyltin chloride (4.4 mmol). The solution was then allowed 
to warm to room temperature and stirred overnight. The reaction mixture was then 
diluted in ethyl acetate and washed three times with H2O. The organic phase was 
collected, dried using Na2SO4, and filtered. The solvent was then removed by rotary 
evaporation. The final product was obtained as a clear liquid after purification by 
column chromatography using ethyl acetate/hexanes.   
General Procedure for the Preparation of Triazines substituted with Thienyl 
Esters (3a-i): Stille cross coupling reactions were carried out using a modified 
procedure reported by Leriche et al.28 A 5 mL microwave vessel was charged with 
cyanuric chloride (0.8 mmol), propyl 5-(tributylstannyl)thiophene-2-carboxylate 2b 
(2.5 mmol), Pd[PPh3]4 (5 mol %), and dissolved in toluene (3 mL) in a N2 
atmosphere. The reaction was then placed in a microwave, heated to 140 °C, and 
stirred for 1.5 h. Upon cooling of the reaction flask, the solution was diluted with 
ethyl acetate and washed three times with distilled H2O. The organic phase was then 
dried using Na2SO4, filtered, and the solvent was removed using a rotary evaporator. 
The final product was obtained as a pale yellow solid after after purification by 
column chromatography (hex/EtOac) and recrystallization using DCM/methanol. 
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propyl thiophene-2-carboxylate (1b): Isolated yield: 0.480 g, (56%); 1H NMR 
(CDCl3 300 MHz)  = 7.79 (dd, 1H), 7.53 (dd, 1H), 7.08 (dd, 1H), 4.24 (t, 2H),  1.76 
(m, 2H) , 1.00 (t,3H); 13C NMR (CDCl3 75 MHz)  = 162.4, 134.2, 133.3, 132.2, 127.75, 
66.7, 22.1, 10.5.29 
butyl thiophene-2-carboxylate (1c): Isolated yield: 2.604 g, (91%) 1H NMR (CDCl3 
300 MHz)  = 7.79 (dd, 1H), 7.53 (dd, 1H), 7.10 (dd, 1H), 4.30 (t, 2H), 1.74 (m, 2H), 
1.46 (m, 2H), 0.97 (t, 3H); 13C NMR (CDCl3 300 MHz)  = 162.5, 134.2, 133.4, 132.3, 
127.8, 65.1, 30.9, 19.3, 13.9. 30 
pentyl thiophene-2-carboxylate (1d): Yield: 1.227 g, (79%); 1H NMR (CDCl3 300 
MHz)  = 7.78 (dd, 1H), 7.52 (dd, 1H), 7.08 (dd, 1H), 4.27 (t, 2H), 1.73 (m, 2H), 1.38 
(m, 4H), 0.912 (t, 3H); 13C NMR (CDCl3 75 MHz)  = 162.5, 134.2, 133.3, 132.3, 127.8, 
65.39, 28.5, 28.2, 22.5, 14.1.30 
hexyl thiophene-2-carboxylate (1e): Isolated yield: 0.914 g, (43%); 1H NMR (CDCl3 
300 MHz)  = 7.78 (dd, 1H), 7.52 (dd, 1H), 7.08 (dd, 1H), 4.27  (t, 2H), 1.72 (m, 2H), 
1.41 (m, 2H), 1.36 (m, 4H), 0.90 (t, 3H), ; 13C NMR (CDCl3 75 MHz)  = 162.4, 134.2, 
133.3, 132.3, 127.8, 65.4, 31.6, 28.8, 25.7, 22.7, 14.1; HRMS (TOF) m/z: (M)+ Calcd 
for C11H16O2S, 212.0871; Found 212.0874. 
heptyl thiophene-2-carboxylate (1f): Isolated yield: 1.711 g, (75%); 1H NMR (CDCl3 
300 MHz)  = 7.77 (m, 1H), 7.51 (m, 1H), 7.06 (m, 1H), 4.26 (t, 1H), 1.72 (m, 2H), 
1.34 (overlapping m, 8H), 0.88 (t, 3H); 13C NMR (CDCl3 75 MHz)  =162.4, 134.2, 
133.3, 132.3,127.78, 65.4, 31.9, 29.1, 28.8, 26.0, 22.7, 14.2.31 
octyl thiophene-2-carboxylate (1g): Isolated yield: 0.251 g, (47%) 1H NMR (CDCl3 
300 MHz)  = 7.79 (dd, 1H), 7.54 (dd, 1H), 7.09 (dd, 1H), 4.28 (t, 2H), 1.74 (m, 2H), 
1.30 (overlapping m, 10H), 0.88 (t, 3H); 13C NMR (CDCl3 75 MHz)  = 162.5, 134.3, 
133.3, 132.2, 127.8, 65.4, 31.9, 29.4, 29.3, 28.8, 26.1, 22.8, 14.2.32 
sec-butyl thiophene-2-carboxylate (1h): Isolated yield: 0.438 g, (24%); 1H NMR 
(CDCl3 300 MHz)  = 7.78 (d, 1H), 7.52 (d, 1H), 7.07 (m, 1H), 5.04 (m, 1H), 1.67 (m, 
2H), 1.31 (d, 3H), 0.95 (t, 3H); 13C NMR (CDCl3 75 MHz)  =162.1, 134. 7, 133.2, 
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132.1, 127.8, 73.4, 29.0, 19.7, 9.8; HRMS (TOF) m/z: (M)+ Calcd for C9H12O2S 
184.0558; Found 184.0557. 
(R)-sec-butyl thiophene-2-carboxylate (1h): Isolated yield: 0.263g, (18%); 1H NMR 
(CDCl3 300 MHz)  = 7.76 (dd, 1H), 7.50 (dd, 1H), 7.06 (dd, 1H), 5.02 (m, 1H), 1.66 
(m, 2H), 1.30 (d, 3H), 0.94 (t, 3H); 13C NMR (CDCl3 75 MHz)  = 161.9, 134.5, 132.9, 
131.9, 127.5, 73.1, 28.8, 19.5, 9.6; HRMS (TOF) m/z: (M + H)+ Calcd for C9H13O2S3 
184.0558; Found 184.0559. 
ethyl 5-(tributylstannyl)thiophene-2-carboxylate (2a): Isolated yield: 0.749 g, 
(13%); 1H NMR (CDCl3 300 MHz)  = 7.87 (d, 1H), 7.14 (d, 1H), 4.34 (q, 2H), 1.55 
(overlapping m, 6H), 1.35 (overlapping m, 9H), 1.13 (m, 6H), 0.88 (m, 9H); 13C NMR 
(CDCl3 75 MHz)  = 162.4, 147.2, 139.3, 135.8, 134.0, 61.0, 29.0, 27.3, 14.5, 13.8, 
11.0, 8.8.33 
propyl 5-(tributylstannyl)thiophene-2-carboxylate (2b): Isolated yield: 1.135 g, 
(61%); 1H NMR (CDCl3 300 MHz)  = 7.88 (d, 1H), 7.14 (d, 1H), 4.24 (t, 2H), 1.76 (m, 
2H), 1.55 (m, 6H), 1.318 (m, 6H), 1.13 (m, 6H)  1.01 (t, 3H), 0.89 (t, 9H); 13C NMR 
(CDCl3 75 MHz)  = 162.4. 147.2, 139.3, 135.8, 134.0, 66.6, 29.0. 27.3, 22.3, 13.8, 
11.0, 10.6; HRMS (TOF) m/z: (M + H)+ Calcd for C20H36O2SSn 461.1538; Found 
461.1540. 
butyl 5-(tributylstannyl)thiophene-2-carboxylate (2c): Isolated yield: 0.946 g, 
(74%); 1H NMR (CDCl3 300 MHz)  = 7.87 (d, 1H), 7.14 (d, 1H), 4.27 (t, 2H), 1.74 (m, 
2H), 1.55 (m, 6H), 1.34 (overlapping m, 8H), 1.13 (m, 6H), 0.91 (m, 12H)  ; 13C NMR 
(CDCl3 75 MHz)  = 64.9, 31.0, 29.0, 27.3, 19.4, 13.8, 13.7, 11.0; HRMS (TOF) m/z: (M 
+ H)+ Calcd for C21H39O2SSn, 475.1695; Found 475.1692. 
pentyl 5-(tributylstannyl)thiophene-2-carboxylate (2d): Isolated yield: 1.049 g, 
(34%) 1H NMR (CDCl3 300 MHz)  = 7.87 (d, 1H), 7.14 (d, 1H), 4.28 (t, 2H), 1.75 (m, 
2H), 1.55 (m, 6H), 1.34 (m, 10H), 1.12 (m, 6H), 0.89 (m, 12H); 13C NMR (CDCl3 75 
MHz)  = 162.2, 147.0, 139.2, 135.7, 133.8, 65.0, 28.8, 28.4, 28.1, 27.2, 22.3, 13.9, 
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hexyl 5-(tributylstannyl)thiophene-2-carboxylate (2e): Isolated yield: 1.304 g, 
(79%); 1H NMR (CDCl3 300 MHz)  = 7.87 (d, 1H), 7.14 (d, 1H), 4.28 (t, 2H), 1.74 (m, 
2H), 1.55 (m, 6H), 1.35 (overlapping m, 12H), 1.13 (m, 6H), 0.89 (overlapping  m, 
12H); 13C NMR (CDCl3 75 MHz)  = 162.4, 147.1, 139.4, 135.8, 134.0, 65.2, 31.6, 29.0, 
28.8, 27.3, 25.8, 22.7, 14.1, 13.8, 11.0; HRMS (TOF) m/z: (M + H)+ Calcd for 
C23H43O2SSn 503.2008; Found 503.2006. 
heptyl 5-(tributylstannyl)thiophene-2-carboxylate (2f): Isolated yield: 1.093 g, 
(48%)  1H NMR (CDCl3 300 MHz)  = 7.87 (d, 1H), 7.14 (d, 1H), 4.27 (t, 2H), 1.76 (m, 
2H), 1.55 (m 6H), 1.34 (m, 14H), 1.13 (m, 6H), 0.89 (m, 12H) ; 13C NMR (CDCl3 75 
MHz)  = 162.4, 147.1, 139.4, 135.8, 134.0, 65.2, 31.9, 29.1, 29.0, 28.9, 27.3, 26.1, 
22.7, 14.2, 13.8, 11.0; HRMS (TOF) m/z: (M + H)+ Calcd for C24H45O2SSn 517.2164; 
Found 517.2164. 
octyl 5-(tributylstannyl)thiophene-2-carboxylate (2g): Yield: 0.385 g, (70%) 1H 
NMR (CDCl3 300 MHz)  = 7.87 (d, 1H), 7.14 (d, 1H), 4.28 (t, 2H), 1.74 (m, 2H), 1.55 
(m, 6H), 1.34 (overlapping m, 16H), 1.15 (m, 6H), 0.89 (overlapping m, 12H); 13C 
NMR (CDCl3 75 MHz)  = 162.4, 147.2, 139.4, 135.8, 134.0, 65.2, 31.9, 29.8, 29.3, 
29.0, 28.9, 27.3, 26.1, 22.8, 14.23, 13.11, 11.0; HRMS (TOF) m/z: (M + H)+ Calcd for 
C25H47O2SSn 531.2319; Found 531.2316. 
sec-butyl 5-(tributylstannyl)thiophene-2-carboxylate (2h): Isolated yield: 1.008 g, 
(83%);  1H NMR (CDCl3 300 MHz)  = 7.86 (d, 1H), 7.13 (d, 1H), 5.03 (m, 1H), 1.66 
(m, 2H), 1.55 (m, 6H), 1.35 (m, 9H), 1.13 (m, 6H), 0.95 (t, 3H), 0.90 (t, 9H); 13C NMR 
(CDCl3 75 MHz)  = 162.0, 146.8, 139.8, 135.7, 133.7, 72.9, 29.0, 28.9, 27.2, 19.6, 
13.6, 10.9, 9.8; HRMS (TOF) m/z: (M + H)+ Calcd for C21H39O2SSn 475.1695; Found 
475.1690. 
(R)-sec-butyl 5-(tributylstannyl)thiophene-2-carboxylate (2i): Isolated yield: 
0.486 g, (78%); 1H NMR (CDCl3 300 MHz)  = 7.87 (d, 1H), 7.15 (d, 1H), 5.05 (m, 1H), 
1.70 (m, 2H), 1.56 (m, 6H), 1.33 (m, 9H), 1.14 (m, 6H), 0.97 (t, 3H), 0.90 (t, 9H)  ; 13C 
NMR (CDCl3 75 MHz)  = 161.8, 146.6, 139.7, 135.7, 135.6, 133.6, 72.8, 28.9, 28.8, 
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19.5, 13.5, 10.8, 9.7; HRMS (TOF) m/z: (M + H)+ Calcd for C21H39O2SSn 475.1752; 
Found 475.1747. 
triethyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) (3a): 
Isolated yield: 0.103 g, (54%); 1H NMR (CDCl3 300 MHz)  = 8.23 (d, 3H), 7.85 (d, 
3H), 4.42 (q, 6H), 1.43 (t, 9H); 13C NMR (CDCl3 75 MHz)  = 167.78, 161.95, 146.15, 
139.71, 133.89, 131.94, 61.87, 14.46 ; HRMS (TOF) m/z: (M + H)+ Calcd for 
C24H22N3O6S3 544.0671; Found 544.0673. 
tripropyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) (3b): 
Isolated yield: 0.402 g, (90%)  1H NMR (CDCl3 300 MHz)  = 8.09 (d, 3H), 7.76 (d, 
3H), 4.30 (t, 6H), 1.83 (m, 6H), 1.06 (t, 9H); 13C NMR (CDCl3 75 MHz)  = 167.6, 
161.9, 146.0, 139.6, 133.7, 131.9, 67.3, 22.2, 10.6; HRMS (TOF) m/z: (M + H)+ Calcd 
for C27H28N3O6S3 586.1139; Found 586.1134. 
tributyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) (3c): 
Isolated yield: 0.234 g, (65%)  1H NMR (CDCl3 300 MHz)  = 8.14 (d, 3H), 7.78 (d, 
3H), 4.35 (t, 6H), 1.79 (m, 6H), 1.50 (m, 6H), 1.01 (t, 9H) ; 13C NMR (CDCl3 75 MHz)  
= 167.6, 161.9, 146.0, 139.6, 133.7, 131.8, 65.7, 30.8, 19.3, 13.8; HRMS (TOF) m/z: 
(M + H)+ Calcd for C30H34N3O6S3, 628.1609; Found 628.1609. 
tripentyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) (3d): 
Isolated yield: 0.315 g, (80%); 1H NMR (CDCl3 300 MHz)  = 8.19 (dd, 3H), 7.82 (dd, 
3H), 4.34 (t, 6H), 1.81 (m, 6H), 1.43 (m, 12H), 0.96 (t, 9H); 13C NMR (CDCl3 75 MHz)  
= 167.7, 162.0, 146.1, 139.7, 133.8, 132.0, 66.0, 28.5, 28.2, 22.5, 14.1; HRMS (TOF) 
m/z: (M + H)+ Calcd for C33H40N3O6S3, 670.2075; Found 670.2073. 
trihexyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) (3e): 
Isolated yield: 0.382 g, (69%)  1H NMR (CDCl3 300 MHz)  = 8.24 (d, 3H), 7.86 (dd, 
3H), 4.36 (t, 6H), 1.80 (m, 6H), 1.47 (m, 6H), 1.36 (m, 18H) 0.91 (t, 9H) ; 13C NMR 
(CDCl3 75 MHz)  = 167.1, 161.7, 145.83, 139.4, 133.5, 131.6, 65.9, 31.6, 28.7, 25.8, 
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triheptyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) (3f): 
Isolated yield: 0.432 g, (93%)  1H NMR (CDCl3 300 MHz)  = 8.20(d, 3H), 7.83 (d, 
3H), 4.35 (t, 6H), 1.80 (m, 6H), 1.39 (overlapping m, 24H), 0.93 (t, 9H); 13C NMR 
(CDCl3 75 MHz)  = 167.3, 161.8, 145.9, 139.5, 133.6, 131.7, 66.0, 31.9, 29.1, 28.8, 
26.1, 22.8, 14.2; HRMS (TOF) m/z: (M + H)+ Calcd for C39H52N3O6S 754.3031; Found 
754.3026. 
trioctyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) (3g): 
Isolated yield: 0.107 g, (58%); 1H NMR (CDCl3 300 MHz)  = 8.22 (d, 3H), 7.84 (d, 
3H), 4.35 (t, 6H), 1.80 (m, 6H), 1.46 (m, 6H), 1.36 (m, 8H), 0.90 (t, 9H); 13C NMR 
(CDCl3 75 MHz)  = 167.5, 161.8, 145.8, 139.4, 133.6, 131.7, 65.8, 31.6, 29.1, 29.0, 
28.5, 25.8, 22.5, 14.0; HRMS (TOF) m/z: (M + H)+ Calcd for C42H58N3O6S3 796.3500; 
Found 796.3506. 
tri-sec-butyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) 
(3h): Isolated yield: 0.127 g, (30%); 1H NMR (CDCl3 300 MHz)  = 8.16 (d, 3H), 7.80 
(d, 3H), 5.10 (m, 3H), 1.74 (m, 6H), 1.38 (d, 9H), 1.01 (t, 9H); 13C NMR (CDCl3 75 
MHz)  = 167.7, 161.6, 145.9, 140.2, 133.6, 131.9, 74.2, 29.0, 19.7, 9.9; HRMS (TOF) 
m/z: (M + H)+ Calcd for C30H34N3O6S3 628.1617; Found 628.1608. 
tri-(R)-sec-butyl 5,5’,5’’-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) 
(3i): Isolated yield: 0.025 g, (14%); 1H NMR (CDCl3 300 MHz)  = 8.24 (d, 1H), 7.85 
(d, 1H), 5.11 (m, 1H), 1.79 (m, 1H), 1.72 (m, 1H), 1.39 (d, 3H), 1.03 (t, 3H); 13C NMR 
(CDCl3 75 MHz)  = 167.7, 161.6, 145.9, 140.1, 133.6, 131.9, 74.1, 28.9, 19.6, 9.8; 
HRMS (TOF) m/z: (M + H)+ Calcd for C30H34N3O6S3 628.1609; Found 628.1607. 
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Supporting Information to Chapter 4 
 
Figure SI-4.1: DSC Curve of 3a at 10 °C/min 
 
 
Figure SI-4.2: DSC Curve of 3b at 2 °C/min. 
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Figure SI-4.3: DSC Curve of 3b at 10 °C/min. 
 
Figure SI-4.4: DSC Curve of 3b at 20 °C/min. 
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Figure SI-4.5: DSC Curve of 3b at 2 °C/min. 
 
Figure SI-4.6: DSC Curve of 3c at 10 °C/min. 
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Figure SI-4.7: DSC Curve of 3c at 20 °C/min. 
 
Figure SI-4.8: DSC Curve of 3d at 10 °C/min. 
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Figure SI-4.9: DSC Curve of 3e at 10 °C/min. 
 
Figure SI-4.10: DSC Curve of 3f at 10 °C/min. 
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Figure SI-4.11: DSC Curve of 3g at 10 °C/min. 
 
Figure SI-4.12: DSC Curve of 3h at 10 °C/min. 
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Figure SI-4.13: DSC Curve of 3i at 10 °C/min. 
 
Figure SI-4.14: Variable temperature diffraction pattern of 3e. 
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Figure SI-4.15: Diffraction pattern of 3e in nematic and isotropic phase. 
Crystallographic Data and Structure Refinement Summary 
A crystal of 3A for investigation was covered in Nujol®, mounted into a goniometer 
head, and then rapidly cooled under a stream of cold N2 of the low-temperature 
apparatus (Oxford Cryostream) attached to the diffractometer. The data were then 
collected using the APEXII software suite[1] on a Bruker Photon 100 CMOS 
diffractometer using a graphite monochromator with CuKα (λ = 1.54178 Å) 
radiation. For each sample, data were collected at low temperature. APEXII software 
was used for data reductions and SADABS[2] was used for absorption corrections 
(multi-scan; semi-empirical from equivalents). XPREP was used to determine the 
space group and the structures were solved and refined using the SHELX[3] 
software suite as implemented in the WinGX[4] or OLEX2[5] program suites. 
Validation of the structures was conducted using PLATON.[6] 
(1)  APEX II. Bruker AXS Inc. Bruker AXS Inc.: Madison, WI pp Madison, WI, 2012. 
(2)  SADABS. Bruker AXS Inc. Bruker AXS Inc.: Madison, WI pp Madison, WI, 2008. 
(3)  Sheldrick, G. M. Acta Crystallogr. A 2008, 64 (Pt 1), 112. 
(4)  Farrugia, L. J. J. Appl. Crystallogr. 1999, 32 (4), 837. 
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(5)  Dolomanov, O. V.; Bourhis, L. J.; Gildea, R. J.; Howard, J. A. K.; Puschmann, H. J. Appl. 
Crystallogr. 2009, 42 (2), 339. 
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CHAPTER 5: 
Polymesomorphic 1,3,5-triazines by design 
5.1 Introduction 
Despite the ubiquity of nematic mesomorphism in calamitic (rod shaped) liquid 
crystals, nematic phases of discotic (disc-shaped) liquid crystals are comparatively 
rare.1,2 Discotics preferentially form columnar mesophases because their rigid 
aromatic cores microphase segregate from their flexible side-chains if the packing 
volume of the side-chains is sufficiently large.2,3 These discotic columnar 
mesophases have been given broad academic attention as 1-D organic 
semiconductors for almost 40 years,4,5 although it is the discotic nematic mesophase 
that found early commercial success in optical compensation films for liquid crystal 
displays and is being tested as high-pressure lubricant.1 Very recently, the discotic 
nematic mesophase has also been shown to reach competitive charge carrier 
mobility values.6,7 
In contrast to their columnar counterparts, the formation of discotic nematic 
mesophases has remained coincidental and no generally applicable molecular 
design criteria exist. Rather, the formation of a discotic nematic mesophase has been 
reasoned with the structural characteristics of a specific compound. A compilation 
of all these individual results let us conclude that nematic discotic mesomorphism 
requires at least one of the following structural features: (i) a conformationally 
flexible or sterically hindered core that reduces the overall disc-shape or planarity 
of the core,8-13 (ii) a reduction of the number of side-chains to three, which 
generates insufficient packing volume for filling the space around a columnar 
stack,14-16 and (iii) an aromatic macrocycle with a central void that creates an 
unfavourable amount of free volume when stacked into columns.17-20 Examples of 
reported discotic nematic liquid crystals with structural features (i) to (iii) are given 
in Figure 5.1.  
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Figure 5.1: Compounds with structural features (i) to (iii) that display discotic 
nematic mesomorphism. 
Reported here is a set of 2,4,6-trithiophenyl-1,3,5-triazines functionalized 
with cyano acrylate groups (Scheme 5.2) that combines molecular design features 
(i) and (ii). Derivatives of 8 display nematic, smectic, and lamellar columnar liquid 
crystal phases depending on the packing volume of their side-chains. Also reported 
are the influence of chirality on the mesomorphism of these compounds and notable 
electro-optical properties such as aggregation induced fluorescence. 
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5.2 Results and Discussion 
 
Scheme 5.1: Synthetic pathway for 8-C8 through a threefold Knoevenagel 
condensation. 
The triazine thiophene cyano acrylates (8) can be obtained using two 2 different 
synthetic routes (Scheme 5.1 and Scheme 5.2). Full synthetic details are provided in 
the supporting information. The first pathway begins with the conversion of 
thiophene-2-carboxaldehyde to 2-(thiophen-2-yl)-1,3-dioxolane (1), which can be 
then be stannylated using n-butyllithium and tributyltin chloride to give thiophene 
stannane 2. A three-fold Stille cross coupling reaction between thiophene 2 and 
cyanuric chloride under reflux overnight affords compound 6 in 45 % yield. The 
dioxolane can then be deprotected using a catalytic amount of p-toluene sulfonic 
acid in THF/H2O to give the sparingly soluble triazine bearing three thiophene-2-
carbaldehyes 7. The aldehydes are then converted to a cyanoacrylate group through 
a three-fold Knoevenagel condensation using octyl 2-cyanoacetate to give 8-C8 as a 
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yellow solid. This pathway generates 8-C8 in 9% yields over the five steps (Scheme 
1).  
 
Scheme 5.2: Synthetic pathway for triazines 8 through a three-fold Stille cross 
coupling of the stannylated thiophenes alkyl cyano acrylates with cyanuric chloride. 
Alternatively, thiophene 2 can be deprotected using catalytic sulfuric acid in 
H2O/acetone mixture at room temperature to give the aldehyde, followed by a 
Knoevenagle condensation using alkyl 2-cyanoacetate to generate 5e-f. This was 
then used to generate 8 with various side chains via the same aforementioned Stille 
coupling reaction except a microwave reactor (140 °C at 1.5 hours) was used 
instead of the conventional heating method (e.g. in a refluxing round bottom flask) 
to generate 8 with ethyl, butyl, (R)-2-butyl, ocytyl, (R)-2-octyl, and dodecyl chains. 
This route proved to be more efficient as isolated yields for 8-C8 were 21 % higher, 
in comparison to the aforementioned pathway with the same number of steps. Using 
the highest yield for each individual step, yields of 41% over the 5 steps should be 
obtainable with some optimization in the workup and purification procedure.  
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Figure 5.2: Phase behaviour of triazines 8 on cooling from the isotropic melt. 
Enthalpies are reported in the bars in kJ/mol. Some decomposition is observed in 8-C2 
at temperatures above ~275 °C.  
The thermal properties of compounds 8 were studied by polarized optical 
microscopy (POM), differential scanning calorimetry (DSC), and variable 
temperature powder X-ray diffraction (VTpXRD) and are summarized in Figure 5.2 
(see SI for a complete set of data). In general, triazines bearing linear side chains (8-
C2, 8-C4, 8-C8 and 8-C12) exhibit enantiotropic liquid crystalline behaviour, while 
chiral derivatives (8-C4R and 8-C8R) containing branched side-chains only display 
soft crystalline phases. Nematic mesophases were observed for triazines 8-C2, 8-C4, 
and 8-C8 with ethyl, butyl, and octyl side-chains, respectively. These phases were 
identified by their characteristic Schlieren textures with 2 and 4 brush disclinations 
and small transition enthalpies (<1 kJ/mol) (Fig. 5.3a). In addition to the nematic 
phase, 8-C8 displays two additional liquid crystalline phases. The high temperature 
phase is assigned as a smectic A phase based on the diffraction patterns (see Table 
SI-5.5) and focal-conic defect textures (Figure 5.3b). While the triazines adopt a 
more disk-like structure in the C3 symmetric conformer, DFT (B3LYP/6-31G(d)) 
studies of geometry optimized structures reveal other conformers with elongated 
shapes (rod-like) are similar or even lower in energy (Figure SI-5.22). This gives 
structures with unequal distribution of side-chains (e.g. 2 up, 1 down) and tends to 
favour smectic over columnar phases. The lower temperature phase is characterized 
as a columnar lamellar phase based on the defect texture and pXRD pattern. The 
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defect texture does not drastically change when going from the smectic A to the 
columnar lamellar phase, but the pseudo isotropic areas become more pronounced 
and the viscosity of the material increases (Figure 5.3c). Similarly, 8-C12 also 
exhibits the smectic A and columnar lamellar phase with similar defect textures and 
diffraction patterns.   
 
Figure 5.3: POM textures (crossed polarizers) of 8-C8 sandwiched between glass slides 
in (a) nematic, (b) columnar hexagonal and (c) columnar lamellar phase. POM 
textures of 8-C8 in a liquid crystal cell (Instead LC3.50) with a planar alignment layer 
in the (d) nematic, (b) smectic, and (f) columnar lamellar phase. 
 Phase geometries were identified for all compounds using VTpXRD in order 
to confirm the results of the DSC and POM data. In general, the diffraction pattern of 
the nematic phase for 8-C2, 8-C4 and 8-C8 show two diffuse peaks of weak 
intensity, one in the small angle region corresponding to the lateral disk-disk 
distance, and a wide angle reflection corresponding to the vertical disk-disk 
distance. This diffractogram is almost identical to the one obtained for the isotropic 
phase except for a slight increase in intensity of the small angle peak. On the other 
hand, the smectic A phase of 8-C8 and 8-C12 gives a sharp reflection in the small 
angle region corresponding to the distance between layers, and a broad reflection in 
the wide angle region corresponding to the average distance (~3.6 Å for both) 
between π-stacked molecules. A proposed packing model of the rod-like structure of 
8-C8 and 8-C12 is given in Figure 5.4. While the diffraction pattern also resembles 
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that of a columnar hexagonal phase, indexing the peaks give estimated distances 
and molecular volumes that are not consistent with the theoretical volumes of 8-C8 
and 8-C12 (see Table SI-5.5 and SI-5.7 for calculation). In addition, while 8-C8 does 
not give any higher order reflections in the short angle region, a low-intensity 
reflection is observed in the pattern for 8-C12 that could be indexed as a d20 
reflection that is more reflective of a smectic phase. The reflections in the small 
angle region in the pattern for the lamellar phase of 8-C8 could be indexed as d10, 
d20, and d30. Meanwhile, the wide-angle region consists of a broad peak relating the 
packing of the amorphous side-chains and a sharp peak at 3.5 Å indicative of long 
range ordering of π-stacked molecules. A similar diffraction pattern is observed for 
the lamellar phase of 8-C12. Again, assigning these peaks to a columnar rectangular 
phase give volumes that do not agree with those determined theoretically for these 
molecules. In addition, it is not difficult to envision a change from the smectic A 
phase to a columnar lamellar phase at lower temperatures as the molecule and side-
chains become more rigid and the layers formed by rows of π-stacked molecules 
become more defined.  
 
Figure 5.4: Proposed model for layered packing of 8-C8 and 8-C12 in a rod-like 
conformation. 
  The use of side-chain engineering to generate structures displaying one or 
more phases (discotic nematic, smectic A and columnar lamellar mesophases) 
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provides us with improved insight into the puzzling structure-property relationship 
that favour the formation of the rare discotic nematic phase. To quantify the 
structural requirements for nematic mesomorphism, we compared the volumes of 
the molecules core with the total volume of the side-chains (Table 5.1). The core 
volume of triazines 8 (e.g. triazine+thiophenes+cyanoacrylate unit) were calculated 
using DFT, whereas the side-chain volumes were calculated using temperature 
dependent empirically derived equations for the volumes of methylene and terminal 
methyl groups (see SI for full details).21 This data shows that when the side-chain 
volume is less than ~1/3 that of the volume of the core, nematic mesomorphism is 
favoured. Increasing the chain volume to ~2/3 that of the core leads to 
polymesomorphism where both nematic and layered phases are observed. Finally, 
at equal volumes (e.g. 8-C12), the molecules display only higher ordered phases. 
The use of shorter chains seems to suppress smectic or columnar lamellar phases 
due to the lack of microphase segregation between the core and chain of 
neighboring molecules. On the other hand, long flexible side-chains allow for better 
microphase segregation that generates layers of aromatic units separated by 
interdigitated side-chains. This study on the relationship between core and chain 
volume was extended to other discotic nematic liquid crystals reported in literature 
to ensure this was not specific to only these triazine structures (Table SI-
5.10).18,5,6,19,20,17,21 In all of the structures studied, the core volume was always equal 
to or larger than the volume of the side-chains. This implies that the minimum 
structural requirement for designing molecules displaying the discotic nematic 
phase is to use side-chains with volumes that are equal to the volume of the core. 
Table 5.1: Summary of core and chain volumes and the liquid crystalline phase 
observed. 
Compound Core Volume 
(A3) 
Volume of Side chains 
(A3) 
Ratio of Core to 
Chain Volume 
Phase 
8-C2 592 114 5.2 : 1 N 
8-C4 592 210 2.8 : 1 N 
8-C8 592 402 1.5 : 1 N, Sm A, Collam 
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One of the major advantages of molecules exhibiting nematic over columnar 
mesophases, is their low viscosity and thus ease of macroscopic alignment on solid 
substrates. This is exemplified when placing 8-C8 in a LC alignment cell (LC3-5.0) 
and observing it by POM under cross polarizers. On cooling from the isotropic 
liquid, clear transition lines indicate the phase change from the isotropic liquid to 
the nematic phase where the texture is completely dark except for areas where the 
spacer beads cause small local defects (Figure 5.3d). This is indicative of 
macroscopic homeotropic alignment of the triazine molecules where the director of 
the molecules (short axis of the molecule) is aligned perpendicular to the substrate. 
On further cooling, the SmA phase grows in with almost equal areas of homeotropic 
and homogenous alignment (Figure 5.3e). All alignment is lost upon further cooling 
into the Collam phase (Figure 5.3f). 
To study the impact of branched chains and chirality on the LC behavior of 
these triazine derivatives, contact samples were prepared between 8-C4 and 8-C4R, 
along with 8-C8 and 8-C8R. The POM images (Figure 5.5) show in both cases, a 
fingerprint texture characteristic of a cholesteric phase is obtained on cooling from 
the isotropic state near the contact zone of the two compounds. The width of the 
fingerprint texture extends to about a 60:40 mixture of the linear to chiral chain 
where it then resembles the phase of the pure non-chiral compound. Upon further 
cooling near the crystallization temperature of the pure compound, a new soft 
crystalline phase with a pseudo focal-conic texture appears (Figure SI-5.18 and SI-
5.18). VTpXRD of this phase resembles that of a columnar lamellar phase. On further 
cooling, there is no change in texture, and only a minor sharpening of peaks in the 
corresponding diffraction pattern. This shows that chiral induction of the nematic 
phase is possible using near equal mixtures of chiral and non-chiral compounds.  
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Figure 5.5: Contact sample (crossed polarizers) in a planar alignment cell between 8-
C4R and 8-C4 at 230 °C (top) and 8-C8R and 8-C8 at 180 °C (bottom). Images obtained 
on cooling from the isotropic melt.  
The electronic properties of these compounds were probed by UV-Vis and 
fluorescence spectroscopy, cyclic voltammetry and DFT calculations. These 
molecules show two strong absorption bands at 386 nm and 405 nm in solution and 
are red shifted to 396 nm and 423 nm on thin-film. The molecules do not show any 
emission in solution, however, do emit as a solid at 540 nm when excited at 400 nm 
(Figure 5.6). This is a result of the molecules conformational flexibility, as the 
triazines pendant arms can freely rotate in solution allowing for non-radiative 
emission pathways. However, in the solid state, the rotation is restricted and thus 
displaying aggregation induced emission.  
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Figure 5.6: Absorption spectra of 8-C8 in CH2Cl2, and the absorption and aggregation 
induced emission spectra (excited at 400 nm) of 8-C8 on a quartz slide.  
Cyclic voltammetry of 8-C8 revealed a quasi-reversible reduction at -1.38 eV 
vs standard calomel electrode, corresponding to a LUMO energy of -2.97 eV. No 
oxidation peak was observed within the potential window of the solvent (CH2Cl2) 
used. DFT calculations of the geometry optimized structure of 8-C2 (in vacuum) 
were used to examine frontier orbital distribution and energies. The HOMO is 
distributed throughout each arm of the triazine with only very minor contributions 
from the nitrogens of the triazine core. Meanwhile, the LUMO is distributed 
throughout two of the arms and the triazine core. This suggests triazines 8 possess 
some donor-acceptor like characteristics. Furthermore, the HOMO and LUMO 
energies were calculated to be -6.61 eV and -3.24 eV respectively, corresponding to 
an energy gap of -3.37 eV. In comparison, the optical gap determined from the 
solution derived absorption spectrum is -2.85 eV.  
5.3 Conclusion 
The synthesis of triazines functionalized with thiophenes bearing alkyl 
cyanoacrylate groups led to the generation of conformationally flexible molecules 
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with a large number of conformers with similar energies (e.g. disk-like, rod-like, t-
shaped structures).  Polymesomorphism was observed in these structures where 
short chain (e.g. ethyl and butyl) derivatives exhibited discotic nematic phases and 
longer chains (e.g. dodecyl) gave smectic A and columnar lamellar phases due to 
increased microphase segregations between the cores and chains of neighboring 
molecules. Triazines possessing an intermediate chain length (e.g. octyl) exhibited 
the all three nematic, smectic and columnar phases. Clearly, the layered packing of 
rod-like conformers were preferred over columnar packing of disk-like conformers. 
In addition, the polymesomorphism of these structures allowed us to propose that 
discotic nematic phases are almost in all cases exhibited by molecules whose core 
volumes are equal to or larger than the volume of the peripheral side-chains. Finally, 
in addition to the unique phase sequence, these molecules were found to have very 
low LUMO energies (-2.97 eV) and exhibit aggregation induced emission between 
450 and 700 nm in the crystalline and liquid crystalline state.  
5.4 Experimental 
5.4.1 Materials 
All reagents and solvents were purchased from Sigma-Aldrich and Strem Chemicals 
and used as received unless otherwise stated. Dry solvents were obtained from a 
solvent purification system (Innovative Technology Inc., MA, USA, Pure-Solv 400). 
SiliaFlash® F60 (230-400 mesh, from Silicycle, Canada). 
5.4.2 Methods 
1H NMR and 13C NMR spectra were obtained on Bruker NMR spectrometers (DRX 
500 MHz and DPX 300 MHz). The residual proton signal of the deuterated solvent 
(chloroform (CDCl3)) was used as a reference signal and multiplicities of the peaks 
are given as s = singlet, d= doublet, t = triplet, and m = multiplet. HRMS was 
obtained using Waters XEVO G2-XS TOF instrument with an asap probe in CI mode. 
Polarized optical microscopy (POM) experiments were performed using an Olympus 
TPM51 polarized light microscope that is equipped with a Linkam variable 
temperature stage HCS410 and digital photographic imaging system (DITO1). 
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Calorimetric studies were performed using a Mettler Toledo DSC 822e. Shown DSC 
curves were smoothed to minimize noise.  Powder X-Ray diffraction measurements 
were obtained from a Brüker D8 Discover diffractometer with a GADDS 2D-detector 
and operated at 40 kV and 40. CuKα1 radiation (= 1.54187 Å) with an initial beam 
diameter of 0.5 mm is used.  A modified INSTEC hot and cold stage HCS 402 with a 
STC 200 controller was used for variable temperature pXRD measurements. UV-VIS 
absorption and emission spectra were recorded on a Varian Cary 50 Conc UV-Vis 
spectrophotometer and a PerkinElmer LS50B luminescence spectrometer, 
respectively. 
5.4.3 Synthesis and Characterization 
2-(thiophen-2-yl)-1,3-dioxolane (1): To a 100 mL flask was added 2-
thiophenecarboxylic acid (44.5 mmol), ethylene glycol (66.8 mmol), p-
toluenesulfonic acid, and toluene 50 mL. The flask was then equipped to a dean-
stark apparatus, heated to 160 °C (oil bath temperature) and stirred for 24 hours 
under nitrogen. After cooling to room temperature, the solution was diluted with 
diethyl ether and washed with aqueous NaHCO3 (1x) and distilled H2O (2x). The 
organic fraction was then dried over anhydrous Na2SO4 and the solvent was 
removed under reduced pressure. The final product was obtained as a clear liquid 
after purification by Kugelrohr distillation. Yield >95%. 1H NMR (300 MHz, CDCl3, δ 
ppm): 7.35 (dd, J = 4.8, 1.2 Hz, 1H), 7.18 (dd, J = 3.6, 1.2 Hz, 1H), 7.02 (dd, J = 3.6, 1.5 
Hz, 1H), 6.13 (s, 1H), 4.15 (m, 1H). 
(5-(1,3-dioxolan-2-yl)thiophen-2-yl)tributylstannane (2): To a solution of 2-
(thiophen-2-yl)-1,3-dioxolane (6.4 mmol) in THF cooled to -78 °C, n-butyllithium 
(6.4 mmol) was added dropwise and stirred for 1 hour under nitrogen. Tributyltin 
chloride (6.7 mmol) was then added dropwise to the solution and allowed to stir 
overnight. After completion, the resulting solution was diluted with Et2O (30 mL) 
and washed with distilled H2O (30 mL) (3x). The organic fraction was then collected 
and dried over anhydrous Na2SO4 and the solvent was removed under reduced 
pressure. The final product was obtained after purification by Kugelrohr distillation. 
Yield >95%. 1H NMR (300 MHz, CDCl3, δ ppm): 7.28 (d, 1H), 7.05 (d, 1H), 6.15 (s, 
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1H), 4.17 (m, 4H), 1.58 (m, 2H), 1.38 (m, 2H), 1.12 (m, 2H), 0.93 (m, 2H). 13C NMR 
(75 MHz, CDCl3, δ ppm): 146.8, 138.5, 135.1, 127.6, 100.5, 65.4, 29.0, 27.4, 31.8, 10.9. 
5-(tributylstannyl)thiophene-2-carbaldehyde (3): To a 100 mL round bottom 
flask was added (5-(1,3-dioxolan-2-yl)thiophen-2-yl)tributylstannane (2.2 mmol) 
and sulfuric acid (3 drops) which was dissolved in a 30% H2O in acetone (40 mL) 
solution. The reaction was allowed to stir at room for 48 hours under an inert 
atmosphere. After completion, the solution was then diluted in diethyl ether (75 
mL) and washed first with 1M NaHCO3(aq.) (75 mL) and then with distilled water (75 
mL) (2x). The organic fraction was then dried using anhydrous Na2SO4 and the 
solvent was removed under reduced pressure. The final product was obtained as a 
yellow liquid after purification by Kugelrohr distillation. Yield 94%. 1H NMR (300 
MHz, CDCl3, δ ppm): 9.94 (s, 1H), 7.85 (d, J = 3.3 Hz, 1H), 7.27 (d, J = 3.3 Hz, 1H), 1.57 
(m, 6H), 1.33 (m, 6H), 1.16 (m, 6H), 0.90 (m, 9H). 13C NMR (75 MHz, CDCl3, δ ppm): 
181.7, 151.3, 149.0, 136.6, 136.1, 28.7, 27.1, 13.5, 10.9. 
2,4,6-tris(5-(1,3-dioxolan-2-yl)thiophen-2-yl)-1,3,5-triazine (6): To a 100 mL 
round bottom flask was added cyanuric chloride (0.7 mmol), (5-(1,3-dioxolan-2-
yl)thiophen-2-yl)tributylstannane (2.2 mmol), and Pd[PPh3]4 (0.04 mmol) and 
dissolved in 40 mL of dry toluene. The mixture was then heated at 90 °C overnight 
under argon. After cooling, the resulting mixture was diluted in 50 mL of ethyl 
acetate and washed with distilled H2O (3x). The organic fractions were then 
combined, dried over anhydrous Na2SO4, filtered, and the solvent was removed 
under reduced pressure. The crude product was then purified by flash column 
chromatography on silica using ethyl acetate/hexanes (1:2) to give 2 as a pale 
yellow solid. Yield 45%. The spectroscopic data for these compounds are listed 
below. This is a modified procedure reported by Leriche et al. 1H NMR (300 MHz, 
CDCl3, δ ppm): 8.15 (d, J = 3.6 Hz, 3H), 7.24 (d, J = 3.6 Hz, 3H), 6.18 (s, 3H), 4.13 (m, 
12H). 13C NMR (75 MHz, CDCl3, δ ppm): 167.7, 149.2, 141.8, 131.6, 127.1, 100.2, 
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5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carbaldehyde) (7): In a 50 mL 
round bottom flask, 2,4,6-tris(5-(1,3-dioxolan-2-yl)thiophen-2-yl)-1,3,5-triazine 
(0.7 mmol), p-toluenesulfonic acid monohydrate (0.4 mmol) was dissolved in 30% 
H2O in THF solution (20 mL) and stirred at room temperature overnight. Upon 
completion, the solution was diluted with ethyl acetate (50 mL) and washed once 
with a solution of saturated NHCO3(aq) (50 mL) and with distilled H2O (50 mL) (3x). 
The organic fractions were then combined and dried over anhydrous Na2SO4, 
followed by the removal of the solvent under reduced pressure. The compound was 
used without further purification. Yield 39 %. 1H NMR (300 MHz, CDCl3, δ ppm): 
10.05 (s, 3H), 8.36 (d, J = 4.2 Hz, 3H), 7.88 (d, J = 4.2 Hz, 3H). 13C NMR (75 MHz, 
CDCl3, δ ppm): 183.2, 167.7, 148.2, 148.0, 135.8, 132.3, 67.9, 25.5. HRMS (TOF MS 
LD+) m/z: (M+H)+ Calcd. for C18H10N3O3S3, 411.9884; found 411.9881. 
ethyl 2-cyanoacetate (4a): A 20 mL microwave vessel was charged with cyano 
acetic acid (23.5 mmol), excess ethanol (0.30 mol), sulfuric acid (4 drops). The 
vessel was then capped and placed in the microwave for 1 hour at 120 °C. Upon 
cooling to room temperature, the solution was diluted in ethyl acetate (50 mL) and 
extracted once with aqueous NaHCO3 (50 mL) and distilled H2O (50 mL, 3x). The 
organic phase was then collected, dried using anhydrous Na2SO4, filtered, and the 
solvent was removed under reduced pressure. The final product was obtained as a 
clear liquid after purification using Kugelrohr distillation. Yield 66 %. 1H NMR (300 
MHz, CDCl3, δ ppm): 4.20 (q, 2H), 3.43 (s, 1H), 1.25 (t, 3H). 13C NMR (75 MHz, CDCl3, 
δ ppm): 162.7, 112.9, 62.5, 24.3, 13.5. HRMS (TOF MS ASAP+) m/z: (M+H)+ Calcd. 
for C5H8NO2, 114.0555; found 114.0552. 
(R)-sec-butyl 2-cyanoacetate (4c): Prepared using a similar procedure reported for 
ethyl 2-cyanoacetate, except the reaction was refluxed in an oil bath. Yield 36%. 1H 
NMR (500 MHz, CDCl3, δ ppm): 4.91 (q, 1H), 3.42 (s, 2H), 1.60 (m, 2H), 1.25 (d, 4H), 
0.90 (m, 3H). 13C NMR (125 MHz, CDCl3, δ ppm): 162.6, 113.2, 75.7, 28.5, 25.0, 19.2, 
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(R)-octan-2-yl 2-cyanoacetate (4e): Prepared using the same procedure reported 
for ethyl 2-cyanoacetate. Yield 65 %. 1H NMR (300 MHz, CDCl3, δ ppm): 4.92 (q, 1H), 
3.39 (s, 2H), 1.54 (m, 1H), 1.48 (m, 1H), 1.22 (m, 11H), 0.84 (t, 3H). 13C NMR (75 
MHz, CDCl3, δ ppm): 162.8, 113.4, 74.6, 35.7, 31.7, 29.1, 25.3, 25.1, 22.6. 19.8, 14.1. 
HRMS (TOF MS ASAP+) m/z: (M+H)+ Calcd. for C11H19NO2, 197.1416; found 
197.1424. 
Dodecyl 2-cyanoacetate (4f): Prepared using the same procedure reported for 
ethyl 2-cyanoacetate. Yield 71%.  1H NMR (300 MHz, CDCl3, δ ppm): 4.17 (t, J = 6.6 
Hz, 2H), 3.44 (s, 2H), 1.63 (m, 2H), 1.23 (m, 18H), 0.85 (t, 3H). 13C NMR (75 MHz, 
CDCl3, δ ppm): 162.9, 113.0, 66.9, 31.7, 29.4, 29.3, 29.3, 29.2, 29.1, 29.0, 28.1, 25.5, 
24.5, 22.5, 13.9. HRMS (TOF MS ASAP+) m/z: (M)+ Calcd. for C15H27NO2, 253.2042; 
found 253.2043. 
(E)-ethyl 2-cyano-3-(5-(tributylstannyl)thiophen-2-yl)acrylate (5a): To a 100 mL 
2-neck flask equipped with a reflux condenser was added 5-
(tributylstannyl)thiophene-2-carbaldehyde (4.2 mmol), ethyl 2-cyanoacetate (6.3 
mmol) and dissolved in dry CHCl3 under inert atmosphere. Piperidine (5.3 mmol) 
was then added drop wise and the reaction was refluxed and allowed to stir for 18 
hours. Upon completion, the reaction was cooled to room temperature and diluted 
in ethyl acetate (75 mL) and washed with distilled H2O (75 mL, 3x). The organic 
phase was then collected, dried using anhydrous Na2SO4, filtered and the solvent 
was removed under reduced pressure. The final product was obtained as a yellow 
liquid after purification by column chromatography. Yeild 62%. 1H NMR (300 MHz, 
CDCl3, δ ppm): 8.34 (s, 3H), 7.89 (d, J = 3.6 Hz, 1H), 7.26 (d, J = 3.6 Hz, 1H), 4.33 (q, 
2H), 1.56 (m, 6H), 1.36 (overlapping m, 9H), 1.16 (m, 6H), 0.87 (t, 9H). 13C NMR (75 
MHz, CDCl3, δ ppm): HRMS (TOF MS ASAP+) m/z: (M+H)+ Calcd. for C22H36NO2SSn, 
498.1498; found 498.1490. 
(E)-butyl 2-cyano-3-(5-(tributylstannyl)thiophen-2-yl)acrylate (5b): Prepared 
using the same procedure reported for ethyl (E)-ethyl 2-cyano-3-(5-
(tributylstannyl)thiophen-2-yl)acrylate. Yield 45%. 1H NMR (300 MHz, CDCl3, δ 
ppm): 8.32 (s, 1H), 7.87 (d, J = 3.6 Hz, 1H), 7.25 (d, J = 3.6 Hz, 1H), 4.26 (q, 2H), 1.69 
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(m, 6H), 1.53 (m, 6H), 1.42 (m, 2H), 1.31 (m, 6H), 1.15 (m, 6H), 0.93 (t, 3H), 0.87 (t, 
9H). 13C NMR (75 MHz, CDCl3, δ ppm): 162.9, 152.7, 145.4, 141.2, 137.2, 136.4, 
115.8, 97.9, 65.9, 30.4, 28.7, 27.0, 18.9, 13.5, 13.4, 10.9. HRMS (TOF MS ASAP+) m/z: 
(M+H)+ Calcd. for C24H40NO2SSn, 526.1802; found 526.1804. 
(R,E)-sec-butyl 2-cyano-3-(5-(tributylstannyl)thiophen-2-yl)acrylate (5c): 
Prepared using the same procedure reported for ethyl (E)-ethyl 2-cyano-3-(5-
(tributylstannyl)thiophen-2-yl)acrylate. Yield 45%. 1H NMR (500 MHz, CDCl3, δ 
ppm): 8.33 (s, 1H), 7.90 (d, J = 2.1 Hz, 1H), 7.27 (d, J = 2.1 Hz, 1H), 5.02 (m, 1H), 1.73 
(m, 2H), 1.65 (m, 6H), 1.33 (m, 9H), 1.18 (t, 6H), 0.96 (t, 3H), 0.90 (t, 9H). 13C NMR 
(125 MHz, CDCl3, δ ppm): 162.8, 152.8, 145.5, 141.4, 137.2, 136.6, 116.1, 98.5, 74.8, 
28.9, 28.8, 27.2, 19.4, 13.6, 11.1, 9.6. HRMS (TOF MS ASAP+) m/z: (M+H)+ Calcd. for 
C24H40NO2SSn, 526.1805; found 526.1802. 
(E)-octyl 2-cyano-3-(5-(tributylstannyl)thiophen-2-yl)acrylate (5d): Prepared 
using the same procedure reported for ethyl (E)-ethyl 2-cyano-3-(5-
(tributylstannyl)thiophen-2-yl)acrylate. Yield 73%. 1H NMR (300 MHz, CDCl3, δ 
ppm): 8.34 (s, 1H), 7.89 (d, J = 3.6 Hz, 1H), 7.27 (d, J = 3.6 Hz, 1H), 4.28 (t, J = 6.9 Hz, 
2H), 1.74 (m, 2H), 1.55 (m, 6H), 1.30 (overlapping m, 16H), 1.16 (m, 6H), 0.89 
(overlapping t, 12H). 13C NMR (75 MHz, CDCl3, δ ppm): 163.4, 153.2, 145.8, 141.5, 
137.5, 136.7, 116.2, 98.1, 66.6, 31.9, 29.3, 29.3, 29.0, 28.7, 27.3, 25.9, 22.8, 14.2, 13.8, 
11.2. HRMS (TOF MS ASAP+) m/z: (M+H)+ Calcd. for C28H48NO2SSn, 582.2428; found 
582.2427. 
(R,E)-octan-2-yl 2-cyano-3-(5-(tributylstannyl)thiophen-2-yl)acrylate (5e): 
Prepared using the same procedure reported for ethyl (E)-ethyl 2-cyano-3-(5-
(tributylstannyl)thiophen-2-yl)acrylate. Yield 54%. 1H NMR (300 MHz, CDCl3, δ 
ppm): 8.32 (s, 1H), 7.89 (d, J = 3.9 Hz, 1H), 7.26 (d, J = 3.6 Hz, 1H), 5.06 (m, 1H), 1.71 
(m, 2H), 1.56 (m, 6H), 1.32 (overlapping m, 17H), 1.16 (m, 6H), 0.89 (overlapping t, 
12H). 13C NMR (75 MHz, CDCl3, δ ppm): 162.9, 152.8, 145.6, 141.6, 137.3, 136.7, 
116.2, 98.7, 73.8, 35.9, 31.8, 29.2, 29.0, 27.3, 25.4, 22.7, 20.0, 14.2, 13.7, 11.2. HRMS 
(TOF MS ASAP+) m/z: (M+H)+ Calcd. for C28H48NO2SSn, 582.2428; found 582.2436. 
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(E)-dodecyl 2-cyano-3-(5-(tributylstannyl)thiophen-2-yl)acrylate (5f): Prepared 
using the same procedure reported for ethyl (E)-ethyl 2-cyano-3-(5-
(tributylstannyl)thiophen-2-yl)acrylate. Yield 72%.  1H NMR (300 MHz, CDCl3, δ 
ppm): 8.34 (s, 1H), 7.90 (d, J = 3.6 Hz, 1H), 7.27 (d, J = 3.6 Hz, 1H), 4.28 (m, J = 6.9 Hz, 
2H), 1.71 (m, 2H), 1.56 (m, 6H), 1.32 (overlapping m, 26H), 1.16 (m, 6H), 0.89 
(overlapping t, 12H). 13C NMR (75 MHz, CDCl3, δ ppm): 163.0, 152.9, 145.5, 141.2, 
137.2, 136.5, 115.9, 97.9, 66.3, 31.8, 29.5, 29.5, 29.4, 29.4, 29.2, 29.1, 28.7, 28.4, 27.0, 
25.7, 22.6, 14.0, 13.5, 11.0. HRMS (TOF MS ASAP+) m/z: (M+H)+ Calcd. for 
C32H56NO2SSn, 638.3054; found 638.3057. 
(2E,2'E,2''E)-triethyl-3,3',3''-(5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-
5,2-diyl))tris(2-cyanoacrylate) (8-C2): To a 5 mL microwave vial was added 
cyanuric chloride (0.65 mmol), (E)-ethyl 2-cyano-3-(5-(tributylstannyl)thiophen-2-
yl)acrylate (2.02 mmol), Pd[PPh3]4 (0.03 mmol), and dissolved in toluene (3 mL). 
Nitrogen was bubbled through the solution for 15 minutes. The flask was then 
placed in a microwave reactor and heated at 140 °C for 1.5 hours. Upon completion, 
a precipitate was suspended in solution, which was passed through a filter and 
washed with ethyl acetate to give a green solid. The final product was obtained pure 
after recrystallization from DCM.  Yield 31%. 1H NMR (500 MHz, CDCl3, δ ppm): 8.37 
(d overlapping a s, 1H), 8.36 (s, 1H), 7.96 (d, J = 3Hz, 1H), 4.42 (q, 2H), 1.43 (t, 3H). 
13C NMR (125 MHz, CDCl3, δ ppm): 167.4, 162.1, 147.7, 145.7, 141.4, 137.0, 133.0, 
115.2, 102.3, 63.0, 14.2. HRMS (TOF MS ES+) m/z: (M+H)+ Calcd. for C33H25N6O6S3, 
697.0998; found 697.0993. 
(2E,2'E,2''E)-tributyl-3,3',3''-(5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-
5,2-diyl))tris(2-cyanoacrylate) (8-C4): Prepared using a similar procedure as 
described for (2E,2'E,2''E)-triethyl-3,3',3''-(5,5',5''-(1,3,5-triazine-2,4,6-
triyl)tris(thiophene-5,2-diyl))tris(2-cyanoacrylate), except the crude product was 
diluted in ethyl acetate (75 mL) and washed with distilled H2O (75 mL, 3x). The 
organic fraction was then collected, dried using Na2SO4, filtered and the solvent was 
removed under reduced pressure. The final product was obtained as a yellow solid 
after purification by column chromatography using CH2Cl2 and recrystallized from 
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CH2Cl2/methanol. Yield 63% 1H NMR (500 MHz, CDCl3, δ ppm): 8.34 (d, J = 2.4 Hz, 
1H), 8.33 (s, 1H), 7.94 (d, J = 2.4 Hz, 1H), 4.35 (t, J = 6.5 Hz, 2H), 1.77 (m, 2H), 1.49 
(m, 2H), 1.00 (t, 3H). 13C NMR (125 MHz, CDCl3, δ ppm): 167.5, 162.3, 147.8, 145.8, 
141.5, 137.2, 133.1, 115.3, 102.4, 66.9, 30.7, 19.2, 13.8. HRMS (TOF MS ES+) m/z: 
(M+H)+ Calcd. for C39H37N6O6S3, 781.1937; found 781.1954. 
(2E,2'E,2''E)-tri((R)-sec-butyl) 3,3',3''-(5,5',5''-(1,3,5-triazine-2,4,6-
triyl)tris(thiophene-5,2-diyl))tris(2-cyanoacrylate) (8-C4R): Prepared using the 
same procedure reported for the synthesis of (2E,2'E,2''E)-tributyl-3,3',3''-(5,5',5''-
(1,3,5-triazine-2,4,6-triyl)tris(thiophene-5,2-diyl))tris(2-cyanoacrylate). Yield 47%. 
1H NMR (500 MHz, CDCl3, δ ppm): 8.34 (d overlapping a s, 3H), 8.33 (s, 3H), 7.94 (d, 
J = 3.5 Hz, 3H), 5.06 (m, 3H), 1.73 (m, 6H), 1.37 (d, 9H), 1.00 (t, 9H). 13C NMR (125 
MHz, CDCl3, δ ppm): 167.4, 161.7, 147.5, 145.4, 141.4, 136.8, 132.9, 115.2, 102.9, 
75.6, 28.7, 19.4, 9.7. HRMS (TOF MS ASAP+) m/z: (M+H)+ Calcd. for C39H37N6O6S3, 
781.1937; found 781.1934. 
(2E,2'E,2''E)-trioctyl-3,3',3''-(5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-
5,2-diyl))tris(2-cyanoacrylate) (8-C8): Prepared using the same procedure 
reported for the synthesis of (2E,2'E,2''E)-tributyl-3,3',3''-(5,5',5''-(1,3,5-triazine-
2,4,6-triyl)tris(thiophene-5,2-diyl))tris(2-cyanoacrylate). Yield 47%. 1H NMR (500 
MHz, CDCl3, δ ppm): 8.36 (d overlapping a s, 1H), 8.35 (s, 1H), 7.95 (d, J = 4 Hz, 1H), 
4.34 (t, J = 6.5 Hz, 2H), 1.78 (m, 2H), 1.43 (m, 2H), 1.32 (m, 8H), 0.88 (t, 3H). 13C NMR 
(125 MHz, CDCl3, δ ppm): 167.1, 162.1, 147.5, 145.4, 141.5, 137.1, 132.9, 115.2, 
102.4, 67.2, 31.9, 29.3, 28.6, 25.9, 22.8, 14.2. HRMS (TOF MS ES+) m/z: (M+H)+ 
Calcd. for C51H61N6O6S3, 949.3815; found 949.3807. 
(2E,2'E,2''E)-tri((R)-octan-2-yl) 3,3',3''-(5,5',5''-(1,3,5-triazine-2,4,6-
triyl)tris(thiophene-5,2-diyl))tris(2-cyanoacrylate) (8-C8R): Prepared using the 
same procedure reported for the synthesis of (2E,2'E,2''E)-tributyl-3,3',3''-(5,5',5''-
(1,3,5-triazine-2,4,6-triyl)tris(thiophene-5,2-diyl))tris(2-cyanoacrylate). Yield 68%. 
1H NMR (500 MHz, CDCl3, δ ppm): 8.35 (d, J = 4 Hz, 1H), 8.33 (s, 1H), 7.94 (d, J = 4.5 
Hz, 1H), 5.11 (m, 1H), 1.76 (m, 1H), 1.62 (m, 1H), 1.36 (d, 3H), 1.32 (m, 8), 0.88 (t, 
3H). 13C NMR (125 MHz, CDCl3, δ ppm): 167.4, 161.7, 147.5, 145.4, 141.5, 136.8, 
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132.9, 115.3, 102.9, 74.5, 35.8, 31.7, 29.1, 25.3, 22.6, 19.9, 14.0. HRMS (TOF MS 
ASAP+) m/z: (M+H)+ Calcd. for C51H61N6O6S3, 949.3815; found 949.3817. 
(2E,2'E,2''E)-tridodecyl 3,3',3''-(5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-
5,2-diyl))tris(2-cyanoacrylate) (8-C12): Prepared using the same procedure 
reported for the synthesis of (2E,2'E,2''E)-tributyl-3,3',3''-(5,5',5''-(1,3,5-triazine-
2,4,6-triyl)tris(thiophene-5,2-diyl))tris(2-cyanoacrylate). Yield 48%. 1H NMR (500 
MHz, CDCl3, δ ppm): 8.33 (d overlapping a s, 1H), 8.33 (s, 1H), 7.94 (d, J = 4 Hz, 1H), 
4.34 (t, J = 6.5 Hz, 2H), 1.78 (m, 2H), 1.43 (m, 2H), 1.31 (m, 16H), 0.88 (t, 3H). 13C 
NMR (125 MHz, CDCl3, δ ppm): 167.5, 162.3, 147.8, 145.8, 141.5, 137.2, 133.1, 115.3, 
102.4, 67.2, 32.1, 29.8, 29.7, 29.6, 29.5, 29.4, 28.6, 25.9, 22.8, 14.3. HRMS (TOF MS 
ASAP+) m/z: (M+H)+ Calcd. for C63H84N6O6S3,1117.5727; found 1117.5692. 
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Supporting Information to Chapter 5 
 
Scheme SI-5.1: Synthetic pathway of route B for compounds 8. 
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Scheme SI-5.2: Synthetic pathway of route A for the preparation of compound 8-C8. 
Mesomorphism 
Table SI-5.1: Phase behaviour of compounds 8 with transition temperatures in °C and 
(enthalpies in kJ/mol). Cr = crystalline phase; SC = soft crystal phase; Collam = lamellar 
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Figure SI-5.1: DSC Curve of 8-C2 at 10°C/min under N2 (first heating and cooling). 
Slow decomposition starts above 280 °C. 
Table SI-5.2: Summary of pXRD data for 8-C2. 
T [°C] dobs [Å] hk dcalcd [Å] Mesophase and Parameters 
26 (as obtained) 20.9   Soft Crystal (SC) 
 18.4    
 8.1    
 7.3    
 6.8    
 5.9    
 5.4    
 5.1    
 3.9    
 3.7    
 3.6    
 3.4    
 3.2    
     
210 (on heating) 28.1   Crystal (Cr1) 
 13.7    
 11.9    
 9.1    
 6.9    
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 6.5    
 5.9    
 5.3    
 4.5    
 4.3    
 4.1    
 4.0    
 3.8    
 3.7    
 3.6    
 3.4    
 3.2    
     
283 (on heating) 18.5 (v. 
broad) 
  Nematic (N) 
 7.9 (v. broad)    
 5.3 (v. broad)    
 3.8 (v. broad)    
     
310 (on heating) 19.6 (v. 
broad) 
  Isotropic Liquid (I) 
 8.1 (v. broad)    
 5.4 (v. broad)    
 3.9 (v. broad)    
     
32 (on cooling) 17.7   Crystal (Cr2) 
 14.8   partially decomposed 
 13.2    
 11.3    
 9.4    
 8.5    
 7.4    
 6.7    
 6.4    
 6.0    
 5.6    
 5.1    
 4.4    
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8-C2 at 210 °C (Cr1). 8-C2 at 283 °C (nematic) and 310 °C 
(isotropic liquid).  
 
 
8-C2 at 32 °C on cooling from the 
isotropic liquid. Crystalline phase (Cr2) 
of a partially decomposed compound. 
 
Figure SI-5.2: pXRD patterns of 8-C2 at various temperatures. 
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Figure SI-5.3: DSC Curve of 8-C4 at 10 °C/MIN UNDER N2 (2nd heating and 1st 
cooling). 
Table SI-5.3: Summary of pXRD data for 8-C4. 
T [°C] dobs [Å] hk dcalcd [Å] Mesophase and Parameters 
25  21.2   Crystalline (Cr) 
(as obtained) 20.0    
 17.7    
 12.7    
 10.8    
 9.7    
 8.3     
 7.1    
 6.8    
 6.4    
 6.1    
 5.7    
 5.3    
 5.0    
 4.8    
 4.6    
 4.4    
 4.1    
 3.8    
 3.6    
 3.5    
 3.3    
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 3.2    
 3.1    
 2.9    
     
228 21.6 (broad)   Nematic (N) 
(on heating) 8.5 (v. broad)    
 5.5 (v. broad)    
 3.8 (v. broad)    
     
257 23.5 (broad)   Isotropic (I) 
(on heating) 8.8 (v. broad)    
 5.1 (v. broad)    
 3.9 (v. broad)    
     
30 (on cooling) 24.4   Soft Crystal (SC) 
 13.8    
 8.9    
 7.8    
 6.5    
 5.4    
 4.4 (v. broad) ahalo    
 3.5  -stack   
 
  
8-C4 25 °C (as precipitated) (Cr). 8-C4 at 228 °C (nematic) and 257 °C 
(isotropic liquid).  
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8-C4 at 30 °C on cooling from the 
isotropic liquid phase (SC). 
 
Figure SI-5.4: pXRD pattern of 8-C4 at various temperatures. 
 
Figure SI-5.5: DSC curve of 8-C4R at 5 °C/min under N2 (2nd heating and 1st cooling). 
Table SI-5.4: Summary of pXRD data for 8-C4R. 
T [°C] dobs [Å] hk dcalcd [Å] Mesophase and Parameters 
22 (as obtained) 21.6   Soft Crystal (SC1) 
 18.9    
 11.3    
 8.3    
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 7.6    
 7.0    
 6.0    
 5.7    
 5.3    
 5.1    
 4.6    
 4.3    
 4.0    
 3.8    
 3.6    
 3.5    
 3.3    
     
24 (on cooling) 24.3   Soft Crystal 2 (SC2) 
 13.8    
 8.9    
 7.9    
 6.5    
 5.9    
 5.4    
 5.1    
 4.4 (v. broad) ahalo   
 3.5  -stack   
aReflection of amorphous (molten) aliphatic chains. 
  
8-C4R at 22 °C as obtained (SC1) 8-C4R at 24 °C on cooling (SC2). 
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Figure SI-5.7: DSC Curve of 8-C8 at 5 °C/min under N2 (2nd heating and 1st cooling). 
 
Figure SI-5.8: POM images of 8-C8 in an alignment cell (Instec LC3-5.0 m, planar 
(homogenous) alignment) at different magnifications. From left to right: nematic, SmA, 
and Collamellar. 
Table SI-5.5: Summary of pXRD data for 8-C8. 
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T [°C] dobs [Å] hk dcalcd [Å] Mesophase and Parameters 
23 26.9   Soft Crystal (SC) 
(as obtained) 15.2    
 13.0    
 9.6    
 8.7    
 6.4    
 5.1    
 4.6  ahalo   
 3.5  π-π stack   
     
128 31.8   Crystal (Cr) 
 23.2    
 14.4    
 13.1    
 9.8    
 8.8    
 8.2    
 7.0    
 6.4    
 5.1    
 4.8    
 4.7    
 4.3    
 4.1    
 4.0    
 3.7    
 3.5    
 3.4    
 3.3    
     
155 30.7 10 30.7 Collam 
 21.7    
 15.0 20 15.35  
 9.2 30 9.3  
 8.1    
 4.5 (v. broad)  ahalo   
 3.5  π-π stack   
    Invalid assignment 
 30.7 20 30.7 Colr 
 21.7 11 21.7 a = 61.40 Å 
 15.0 31 15.35 b = 23.20 Å 
 9.2 42 9.3 AreaXRD = 1424 Å2 
 8.1 52 8.4 bVXRD = 6408 Å3 for a 4.5 Å 
 4.5 (v. broad) ahalo   
 3.5  π-π stack   
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169 28.5 10 28.5 Smectic A (SmA) 
 4.2 (v. broad) ahalo   
 3.6 (v. broad) π-π stack   
    Invalid assignment 
 28.5 10 28.5 Hexagonal Columnar (Colh) 
 4.2 (v. broad) ahalo  a = 32.91 Å 
 3.6 (v. broad) π-π stack  AreaXRD = 937 Å2 
    bVXRD = 3373 Å3 for 3.6 Å 
     
180 27.6 (v. broad)   Nematic (N) 
 3.7 (v. broad)    
     
198 26.6 (v. broad)   Isotropic Liquid (I) 
 3.8 (v. broad)    
     
22 on cooling 30.3 10  Columnar Lamellar (Collam) 
 22.4    
 14.3 20?   
 8.9 30?   
 4.4 (v. broad) ahalo   
 3.4 π-π stack   
aReflection of amorphous (molten) aliphatic chains. b The estimated volume of a 
columnar slice (unit cell) VXRD was calculated by multiplying the AreaXRD with an 
average stacking distance. The average distance between aliphatic side-chains 
measured as the maximum of the halo of molten alkyl chains at 4.5 Å was used as 
stacking distance for the tilted Colr mesophase whereas the - stacking distance of 
3.6 Å was used for the Colh mesophase. The in-plane area per molecule for a disc-
shaped conformation of 8-C8 (Atheor.,disc) was estimated based on a space filling 
model with extended (crystalline) alkyl side-chains. The distance between two 
terminal methyl groups was measured to 32.1 Å and reduced by 15% to account for 
the molten state of the side-chains and partially interdigitating chains. This value of 
27.3 Å was taken as one side of an equilateral triangle to estimate the area of 8-C8 
to 323 Å2.  cThe volume of 8-C8 was estimated to Vtheor. = 1378 Å3 by determining 
the volume of the aromatic core by DFT calculations to 592 Å3 (B3LYP/6-31G(d)) 
and adding the volume of the side-chains that was estimated based on the following 
temperature dependent empirically derived equations for the volumes of methylene 
and terminal methyl groups: VCH2 in Å3 = 26.5616 + 0.02023 T (T in ºC) and VCH3 in 
Å3 = VCH2 + 27.14 + 0.01713 T + 0.0004181 T2.  The in-plane area per molecule for a 
rod-shaped conformation of 8-C8 (Atheor.,rod) was estimated based on a space filling 
model with extended (crystalline) alkyl side-chains. The length and width of 38.9 Å 
and 12.6 Å, respectively, were reduced by 15% to account for the molten state of the 
side-chains and partially interdigitating chains to give an area of 354 Å2. 
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The in-plane area per molecule for a T-shaped conformation of 8-C8 (Atheor.,rod) that 
forms dimers was estimated based on a space filling model with extended 
(crystalline) alkyl side-chains. The length and width of 52.2 Å and 43.3 Å were 
reduced by 15% to account for the molten state of the side-chains and partially 
interdigitating and the average of the two dimensions were taken as the diameter of 
a circle (40.6 Å) to give an area of 1294 Å2 for the dimer. 
 
Proposed packing structures 
  
Rod-like conformation of 8-C8 
(15 kJ/mol higher E than lowest energy 
conformation) 
Proposed smectic like packing of 8-C8 
 
 
Disk-like conformation of 8-C8 Possible Colh packing of disk-like 8-C8 
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Possible Colr packing of disk-like 8-C8  
 
 
Disk-like dimer structure of 8-C8 Possible Colh packing of 8-C8 dimer 
 
 
Possible Colr packing of 8-C8 dimer  
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8-C8 at 23 °C as obtained (SC) 8-C8 at 128 ° on heating (Cr) 
  
8-C8 at 155 °C on heating (Collam). 8-C8 at 169 °C on heating (SmA) 
  
8-C8 at 180 °C (nematic) and 198 °C 
(isotropic liquid) on heating 
8-C8 at 22 °C on cooling (Collam) 
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2D diffraction patterns of a sample mechanically aligned in a rod at 155 ºC. 
Figure SI-5.10: pXRD patterns of 8-C8 at various temperatures.  
 
 
Figure SI-5.11: DSC Curve of 8-C8R at 5 °C/min under N2 (2nd heating and 1st cooling). 
Table SI-5.6: Summary of pXRD data for 8-C8R. 
T [°C] dobs [Å] hk dcalcd [Å] Mesophase and Parameters 
30 28.0   Soft Crystal (SC) 
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(as obtained) 20.8    
 15.5    
 13.6    
 9.5    
 8.6    
 8.1    
 7.7    
 6.6    
 5.9    
 5.2    
 5.0    
 4.5    
 4.4    
 4.0    
 3.5 π-π stack   
 
 
Figure SI-5.12: pXRD of 8-C8R at 30 °C as obtained (SC). The same pattern is obtained 
on cooling from the isotropic liquid. 
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Figure SI-5.13: DSC Curve of 8-C12 at 5 °C/min under N2 (2nd heating and 1st cooling) 
Table SI-5.7: Summary of pXRD data for 8-C12. 




25 41.6   Soft Crystal (SC) 
(as obtained) 20.2    
 15.6    
 11.7    
 9.2    
 7.8    
 6.7    
 6.1    
 5.8    
 5.1    
 4.5    
 4.0    
 3.7    
 3.44    
 3.4    
     
133 39.7 10  Collam 
(on heating) 23.9    
 18.7 20   
 15.2    
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 11.9 30   
 9.2 40   
 8.6    
 4.8 (v. broad) ahalo   
 3.5 (broad) π-π stack   
    Invalid assignment 
 39.7 20 39.7 Colr 
 23.9 11 23.9 a = 79.40 Å 
 18.7 31 18.2 b = 25.06 Å 
 15.2 41 15.6 AreaXRD = 1990 Å2 
 11.9 22 12.0 bVXRD= 9552 Å3 for 4.8 Å 
 9.2 52 9.8  
 8.6 03 8.4  
 4.8 (v. broad) ahalo   
 3.5 (broad) π-π stack   
     
157 37.0 10 37.0 SmA 
(on heating) 17.5 (broad) 20 18.5  
 4.5 (v. broad) ahalo   
 3.6 (v. Broad) π-π stack   
    Invalid assignment 
 37.0 10 37.0 Colh 
 17.5 (broad) 20 18.5 a = 42.72 Å 
 4.5 (v. broad) ahalo  Area = 1581 Å2 
 3.6 (v. broad) π-π stack  bVXRD = 5692 Å3 for 3.6 Å 
aReflection of amorphous (molten) aliphatic chains. b The estimated volume of a 
columnar slice (unit cell) VXRD was calculated by multiplying the AreaXRD with an 
average stacking distance. The average distance between aliphatic side-chains 
measured as the maximum of the halo of molten alkyl chains at 4.8 Å was used as 
stacking distance for the tilted Colr mesophase whereas the - stacking distance of 
3.6 Å was used for the Colh mesophase. The in-plane area per molecule for a disc-
shaped conformation of 8-C12 (Atheor.,disc) was estimated based on a space filling 
model with extended (crystalline) alkyl side-chains. The distance between two 
terminal methyl groups was measured to 40.0 Å and reduced by 15% to account for 
the molten state of the side-chains and partially interdigitating chains. This value of 
34 Å was taken as one side of an equilateral triangle to estimate the area of 8-C12 to 
514 Å2.  cThe volume of 8-C12 was estimated to Vtheor. = 1741 Å3 by determining the 
volume of the aromatic core by DFT calculations to 592 Å3 (B3LYP/6-31G(d)) and 
adding the volume of the side-chains that was estimated based on the following 
temperature dependent empirically derived equations for the volumes of methylene 
and terminal methyl groups: VCH2 in Å3 = 26.5616 + 0.02023 T (T in ºC) and VCH3 in 
Å3 = VCH2 + 27.14 + 0.01713 T + 0.0004181 T2. The in-plane area per molecule for a 
rod-shaped conformation of 8-C12 (Atheor.,rod) was estimated based on a space filling 
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model with extended (crystalline) alkyl side-chains. The length and width of 48.9 Å 
and 17.0 Å, respectively, were reduced by 15% to account for the molten state of the 
side-chains and partially interdigitating chains to give an area of 603 Å2. 
The in-plane area per molecule for a T-shaped conformation of 8-C12 (Atheor.,rod) that 
forms dimers was estimated based on a space filling model with extended 
(crystalline) alkyl side-chains. The length and width of 64.8 Å and 45.9 Å were 
reduced by 15% to account for the molten state of the side-chains and partially 
interdigitating and the average of the two dimensions were taken as the diameter of 
a circle (47.1 Å)  to give an area of 1739 Å2 for the dimer. 
 
Proposed packing arrangements 
 
 
Rod-like conformation of 8-C12 Proposed smectic like packing of 8-C12 
 
 
Disk-like conformation of 8-C12 Proposed Colh packing of 8-C12 
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Proposed Colr packing of 8-C12  
 
 
Proposed Disk-like structure of 8-C12 
dimer 
Proposed Colh packing of 8-C12 dimer 
 
 
Proposed Colr packing of 8-C12 dimer  
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8-C12 at 25 °C as obtained (SCCol). The 
diffraction pattern on cooling is identical. 
8-C12 at 25 °C as obtained (SCCol). The 




8-C12 at 25 °C as obtained (SCCol). The 
diffraction pattern on cooling is identical. 
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POM image of 8-C12 between glass slides at 120 °C on cooling from the isotropic 
liquid (crossed polarizers). 
 
POM image of 8-C12 between glass slides at 153 °C on cooling from the isotropic 
liquid (crossed polarizers). 
Figure SI-5.16.: POM images of 8-C12. 
Contact Samples 
 
Figure SI-5.17: Static POM images of a contact sample between 8-C4 and 8-C4R in an 
alignment cell (Instec LC3-5.0 m, planar/homogenous alignment). Samples were 
heated into the isotropic phase and allowed to mix for 20 minutes. The samples were 
then slowly cooled and images were captured after 5 minutes at the given 
temperatures shown above. 
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Figure SI-5.18: Static POM images of a contact sample between 8-C8 and 8-C8R in an 
alignment cell (Instec LC3-5.0 m, planar/homogenous alignment). Samples were 
heated into the isotropic phase and allowed to mix for 20 minutes. The samples were 
then slowly cooled and images were captured after 5 minutes at the given 
temperatures shown above. 
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Figure SI-5.19: Absorption spectra of 8-C8 in CH2Cl2. Absorption and emission spectra 
of 8-C8 on thin film (red). 
Cyclic Voltammetry 
Table SI-5.8: Redox potential and estimated LUMO energy of 8-C8. 
Compound 1st Red E1/2 V vs SCE EC LUMO (eV)1 
8-C8 -1.38 -2.973  
Data obtained from Cyclic Voltammety in dichloromethane (CH2Cl2) solvent (vs 
saturated calomel electrode) at glassy carbon electrode (GC) in presence of 0.1 M 
NBu₄PF₆. 1Calculated ELUMO (eV) = -(E1/2 red vs ferrocene + 4.8). E1/2 values were 
estimated based on partially reversible redox reactions. 
 
Computational Studies 
All calculations were performed with Gaussian 09 suite of programs using Compute 
Canada’s Shared Hierarchical Academic Research Computing Network (SharcNet). 
The geometry of all molecules were optimized at the B3LYP/6-31G(d) level of 
theory unless stated otherwise. A frequency calculation was also performed at the 
same level to ensure the minimum potential geometry was reached.  
   
Optimized Structure HOMO LUMO 
 -6.61 eV -3.24 eV 
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Calculations of Molecular Volume and Ratios of Core to Side-Chain Volumes 
The volume of the tris thiopheneyl cyanoacrylate triazine core was calculated 
computationally at the B3LYP/6-31G(d) level of theory based on the geometry 
optimized structure of the core in the gas phase. For validation of the DFT data, the 
calculated volume of the core was compared to the volume of triethyl 5,5',5''-(1,3,5-
triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) obtained from its single crystal 
structure (note the similarities in size). The volume of the latter was found to be 
618.8 A3/molecule which is similar to the volume of the core of compound 8 at 
592.1 A3/molecule.  The volume of the side chains was calculated using the 
increment values for crystalline alkyl groups reported by Gavezotti et al. This 
approach was used to calculate the core and chain volumes of other 





Figure SI-5.21: Geometry optimized core of compound 8 (left) and single crystal 
structure of triethyl 5,5',5''-(1,3,5-triazine-2,4,6-triyl)tris(thiophene-2-carboxylate) 
(right). 
Table SI-5.9: Calculated volumes for different alkyl chains. 
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Side Chain aVolume 
(A3/molecule) 





Ethyl 38 55 78 
Propyl 54 82 108 
Butyl 70 109 139 
(R)-2-Butyl 71 - - 
Pentyl 86 136 170 
Hexyl 102 163 200 
Heptyl 118 190 231 
Octyl 134 217 262 
(R)-2-Octyl 135 - - 
Nonyl 150 244 292 
Decyl 166 271 322 
Dodecyl 198 325 383 
aVolume values for crystalline chains based on incremental values reported by 
Gavezotti et al. bVolume values of amorphous alkyl chains calculated according to 
the equation VCH2 in Å3 = 26.5616 + 0.02023 T (T in ºC) and VCH3 in Å3 = VCH2 + 27.14 
+ 0.01713 T + 0.0004181 T2. 
 
Table SI-5.10: Structure discotic nematic cores reported in literature and comparison 
of the ratio between the volume of core to total side chain volume 
 
Volume of core = 592 Å3/molecule 
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3 Side chains per molecule 
Ratio between the volume of core to total side chain volume: 
8–C2 (ethyl)  = 5.2 : 1 
8–C4 (butyl) = 2.8 : 1 
8–C4R (2-butyl) = 2.8 :  1  
8–C8 ( octyl) = 1.5 : 1 
8–C8R (2-octyl) = 1.5 : 1 
8–C12 (dodecyl) = 1 : 1 
 
H. Taing, J. G. Rothera, J. F. Binder, C. L. B. Macdonald  and S. H. Eichhorn (2018), 
Liquid Crystals, 2018, 45:8, 1147-1154, 
Volume of core = 487 Å3/molecule (ND1) 
3 Side chains per molecule 
Ratio between the volume of core to total side chain volume: 
ND1–C2 (ethyl)  = 4.3 : 1 
ND1–C3 (propyl)  = 3 : 1 
ND1–C4 (butyl) = 2.3 : 1 
ND1–C5 (pentyl) = 1.9 :  1  
ND1–C6 (hexyl) = 1.6 : 1 
ND1–C7 (heptyl) = 1.4 : 1 
ND1–C8 (octyl) = 1.2 : 1 
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B. G. Kim, S. Kim and S. Y. Park, Tetrahedron Lett., 2001, 42, 2697–2699 
Volume of core = 970 Å3/molecule (ND2) 
3 Side chains per molecule 
Ratio between the volume of core to total side chain volume: 
ND2–C6 (hexyl)  = 3.2 : 1 
 
S. Takenaka, K. Nishimura and S. Kusabayashi, Mol. Cryst. Liq. Cryst., 1984, 111, 
227–236. 
Volume of core = 602 Å3/molecule (ND3) 
3 Side chains per molecule 
Ratio between the volume of core to total side chain volume: 
ND3–C6 (hexyl) = 2 : 1 
ND3–C7 (heptyl) = 1.7 : 1 
ND3–C8 (octyl) = 1.5 : 1 
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ND3–C9 (nonyl) = 1.3 : 1 
ND3–C10 (decyl) = 1.2 : 1 
 
M. J. Jeong, J. H. Park, C. Lee and J. Y. Chang, Org. Lett., 2006, 8, 2221–2224 
Volume of core = 797 Å3/molecule (ND4) 
3 Side chains per molecule 
Ratio between the volume of core to total side chain volume: 
ND4–C6 (hexyl) = 2.6 : 1 
ND4–C8 (octyl)= 2.0 : 1 
 
B. Kohne and K. Praefcke, Chimia, 1987, 41, 196–198 
M. Ebert, D. A. Jungbauer, R. Kleppinger, J. H. Wendorff, B. Kohne and K. Praefcke, 
Liq. Cryst., 1989, 4, 53–67. 
K. Praefcke, B. Kohne, B. Gundogan, D. Singer, D. Demus, S. Diele, G. Pelzl and U. 
Bakowsky, Mol. Cryst. Liq. Cryst., 1991, 198, 393–405. 
Volume of core = 901 Å3/molecule (ND5) 
6 Side chains per molecule 
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Ratio between the volume of core to total side chain volume: 
ND5–C5 (pentyl)= 1.7 : 1 
ND5–C6 (hexyl) = 1.5 : 1 
ND5–C7 (heptyl) = 1.3 : 1 
ND5–C8 (octyl) = 1.1 : 1 
ND5–C9 (nonyl) = 1 : 1 
 
Tinh, N.H., Destrade, C. Gasparoux, H. Phys. Lett. A 72, 251-254, 1979 
Tinh, N.H., Gasparoux, H. Destrade, C Phys. Lett. A 72, Mol. Cryst. Liq. Cryst. 68, 
101-111, 1981 
Volume of core = 1099 Å3/molecule (ND6) 
6 Side chains per molecule 
Ratio between the volume of core to total side chain volume: 
ND6–C4 (pentyl)= 2.6 : 1 
ND6–C5 (pentyl)= 2.1 : 1 
ND6–C6 (hexyl) = 1.8 : 1 
ND6–C7 (heptyl) = 1.6 : 1 
ND6–C8 (octyl) = 1.4 : 1 
ND6–C9 (nonyl) = 1.2 : 1 
ND6–C10 (pentyl)= 1.1 : 1 
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Conformers of 8-C2 
Relative Energies of Different Conformers 
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CHAPTER 6: 
Side-chain free conformationally flexible tetracyclic 
heteroaromatic derivatives of low-symmetry show low 
melting points and high solubilities 
6.1 Introduction 
Poly- and oligo-aromatic compounds with coplanar geometries and extended pi-
delocalization have led to molecules with small HOMO-LUMO gaps that can pack 
into well-ordered structures with excellent orbital overlap (i.e. π-stacking).1 For this 
reason, polyaromatic compounds have received an influx of scientific attention over 
the last decade, as they are able to act as organic semiconductors in field effect 
transistors (OFETs),2,3 photovoltaic cells (OPVs),4,5 and organic light emitting diodes 
(OLEDs).6,7 In contrast to their inorganic counterparts, organic semiconductors 
benefit from their chemical variability that allow for fine-tuning of molecular and 
material properties. In addition, they can be solution processed which permits low-
cost, low-weight and flexible devices.8,9 While there have been many advances in 
making organic semiconductors competitive, there are still challenges to overcome 
to bring these materials from an expensive luxury to a cost effective commercial 
product.10–12  
 From a molecular design standpoint, there is a fine balancing act between the 
solubility of these rather rigid polyaromatic compounds and the efficiency of charge 
transport. Oftentimes, large polyaromatic groups suffer from low solubilities due to 
the strong π-stacking forces leading to aggregation. As a result, solubilizing chains 
are typically incorporated to the periphery of the aromatic groups in order to 
increase solubility. Side-chains are also used to control supramolecular 
arrangement that can help improve charge transport.10,12 While these factors are 
crucial for solution processable electronic devices, there may be advantages to 
generating polyaromatic compounds without side-chains. Notably, the molecules π-
density would be maximized leading to fewer non-conductive pathways generated 
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by the insulating nature of the side-chains.13–15 Moreover, the lack of side-chains 
may allow for better surface alignment and easier purification methods (e.g. 
sublimation or recrystallization).  
 In this regard, a potential avenue for achieving soluble polyaromatic 
compounds without side-chains is to use low-symmetry and conformationally 
flexible molecules. It is well known that molecular symmetry strongly influences 
melting temperatures which in turn can be correlated to solubility.16 This has been 
realized in both calamitic17 and discotic systems18,19 to generate self-organizing 
polyaromatic systems of low-symmetry without any side-chains. On the other hand, 
conformational flexibility is known to destabilize crystalline phases due to the 
increased number of structural options (i.e. conformers).20 Consequently, many 
star-shaped π-conjugated molecules have shown good conformational flexibility 
leading to reduced aggregation effects and has even been used to generate 
amorphous glasses.21 
 Here, we use the combination of low-symmetry and conformational 
flexibility to generate low-melting and highly soluble tetracyclic polyaromatic 
compounds based on star-shaped 1,3,5-triazines. Electron deficient 1,3,5-triazines 
are typically symmetrically substituted with π-conjugated branches to generate 
planar star-shaped donor-acceptor structures with unique thermal  and opto-
electronic properties.22–29 Low-symmetry triazine derivatives containing two or 
three different aromatic arms are less common, but have been used in OLEDs,30,31 
dye-sensitized solar cells,32,33 sensors,34 and  two-photon absorption materials.35 
These limited studies on low-symmetry triazines highlight the advantages of these 
types of systems, however, an in-depth investigation on the effect of symmetry on 
melting temperatures and packing behaviour has not been performed. Our design 
utilizes the stepwise attachment of three different heterocycles (e.g. thiophene, 
pyrazole, furan, benzothiophene, carbazole) to cyanuric chloride to generate 
tetracyclic low-symmetry and conformationally flexible triazines. The symmetry 
effects on melting temperature, packing behaviour and opto-electronic properties 
will be carefully studied here. 
Chapter 6 
201 
References begin on page 219 
6.2 Results and Discussion 
6.2.1 Synthesis 
Low-symmetry triazines in the past have relied on the temperature dependent 
reactivity of each chlorine atom of cyanuric chloride to nucleophilic substitution.36 
More recently, there has been some literature on the development of low-symmetry 
triazines via a stepwise cross coupling reaction.30,35,37,38 Here, a combination 
nucleophilic substitution, Stille and Suzuki cross coupling reactions are utilized to 
generate low-symmetry triazines. (Scheme 1). Full experimental details are 
provided in the supplementary information. First compound 1 was synthesized via 
the nucleophilic substitution of cyanuric chloride with pyrazole at 70 °C using K2CO3 
as the base. A Stille cross coupling reaction between 1 and 2-
(tributylstannyl)thiophene using Pd[PPh3]4 as catalyst gave the disubstituted 
triazine 2 in fair yield. This was then used as a precursor to generate the set of fully 
substituted low-symmetry triazines with no auxiliary groups attached. The addition 
of another equivalent of 2-(tributylstannyl)thiophene to 2 leads to P2T2T in good 
yield. P2T3T and P2TBT were prepared via Suzuki cross coupling of 2 with one 
equivalent of 3-thienylboronic acid and benzo[b[thien-2-ylboronic acid, 
respectively. The synthesis of P2T3T was carried out in a microwave reactor using 
Cs2CO3, Pd(OAc)2 and P(C6H13)3 as the catalyst in dioxane/H2O at 140 °C for 40 
minutes (50 % yield). The bulkier and more donating phosphine was used to 
facilitate better oxidative addition of the palladium catalyst to the slightly activated 
chlorine of cyanuric chloride. Low yields (14%) were obtained when preparing 
P2TBT using conventional Suzuki reaction conditions, where Na2CO3 and Pd[PPh3]4 
were used as base and catalyst under reflux overnight. P2T2F was synthesized 
using the same Stille cross coupling reaction conditions used to form 2 with 2-
(tributylstannyl)furan in 35 % yield. Nucleophilic substitution of 2 with lithiated 
carbazole at -78 °C afforded P2TC with a yield of 83%. More symmetric triazine 
derivatives (P2T2T, 2TTT, 3TTT and PPP) were also prepared for comparison of 
their thermal and optical properties to their less symmetric analogues. 3TTT was 
synthesized by the cyclotrimerization of 2-thiophenecarbonitrile with triflic acid, 
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while 2TTT24 and PPP39 were prepared using literature procedures. It is important 
to note, that despite referring to these three structures as symmetric, only two of 
the possible planar-conformers for each molecule have C3-symmetry depending on 
the orientation of the heterocycle. 
 
Scheme 6.1: Synthesis of low symmetry triazine derivatives and structures of 
symmetric triazines. a) pyrazole, K2CO3, THF, 70 °C, 18 h; b) 2-
(tributylstannyl)thiophene, Pd[PPh3]4, toluene, 90 °C, 18 h; c) 3-thienylboronic acid, 
Cs2CO3, Pd(OAc)2, dioxane/H2O, microwave: 140 °C, 40 min; d) 2-
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(tributylstannyl)furan, Pd[PPh3]4, toluene, 90 °C, 18 h; e) benzo[b]thien-2-ylboronic 
acid, Na2CO3, Pd[PPh3]4, THF/H2O, 70 °C, 6h;  f) carbazole, nBuLi, THF, -40 °C – r.t., 4 h. 
6.2.2 Thermal Analysis 
The effect of symmetry and conformational flexibility on the phase behaviour and 
transition temperatures of these triazines derivatives were investigated using 
differential scanning calorimetry (DSC). The results are summarized in Table 6.1. All 
molecules show reversible melting and crystallization transitions except for PPP 
which decomposes before it melts at 237 °C. In general, molecules with lower 
symmetry exhibited lower phase transition temperatures. This is consistent with 
Carnelley’s rule, although he examined isomeric structures,40 in that molecular 
symmetry is positively correlated with melting temperatures. P2TBT and P2TC are 
exceptions to this trend, as their melting and crystallization temperatures are at 194 
°C and 272 °C, respectively. This can be attributed to the larger size and molecular 
weight (110% and 120% increase in molecular weight compared to 2TTT) of the 
benzothiophene and carbazole units in these molecules compared to the sole use of 
5-membered heterocycles in their analogues. The higher stability of the crystalline 
phase for these compounds is supported by the large change in enthalpy (22 and 35 
kJ/mol, respectively) upon melting into the isotropic liquid. 
Table 6.1: Transition temperatures and enthalpies of all triazine derivatives. 
The effect of symmetry on melting temperatures can be systematically 
studied by looking at the difference in melting temperatures when going from the 
most symmetric to least symmetric derivatives. Symmetric triazines 2TTT, 3TTT 
Compound Tmelt in °C (H in kJ/mol) Tcryst in °C (H in kJ/mol) 
PPP 237 decomp. (n/a) n/a 
2TTT 195 (18.4) 147 (-19.0) 
3TTT 158 (24.6) 139 (-25.6) 
P2T2T 157 (18.2) 99 (-12.4) (3.26 cold cr) 
P2T3T 141 (12.4) 107 (-8.1) 
P2T2F 169 (15.9) 130 (-14.0) 
P2TBT 194 (22.6) 166 (-20.2) 
P2TC 272 (35.7) 229 (-29.8) 
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and PPP melt at 195 °C, 158 °C and 237 °C, respectively. Replacing one of the 
thiophene units of 2TTT with a pyrazole unit (P2T2T) resulted in a 32 °C drop in 
melting temperature, despite the fact that PPP had the highest melting point out of 
the symmetric series. Switching the attachment of one of the thiophenes of P2T2T 
from the 2- to the 3-position resulted in a further drop in melting temperature by 16 
°C. Replacing one of the thiophenes of P2T2T with furan (P2T2F) resulted in a 13 
°C increase in melting temperature possibly due to the stronger dipole interactions 
formed by furan in comparison to thiophene. 
Interestingly, in almost all cases, a large thermal hysteresis (>40 °C) is 
observed between the melting and crystallization temperatures of these 
compounds. This is indicative of the reduced tendency for crystallization leading to 
slow crystallization kinetics for these triazine derivatives. The triazines reported 
here are all conformationally flexible and have many planar conformers with similar 
energies. As a result, upon cooling from the isotropic melt, depending on the cooling 
rate, more time is needed for the molecules to rearrange themselves with the right 
geometry to obtain the most thermodynamically favorable packing structure. In 
addition, the presence of several exothermal peaks on slow cooling of P2T3T and 
P2T2F may be indicative of packing structures of different conformers with very 
similar energies (i.e. polymorphs). 
P2T3T was used to further probe the crystallization kinetics using different 
heating and cooling rates (Figure 6.1). At slow cooling rates (1 °C min-1), stepwise 
crystallization beginning at 107 °C was observed where several sharp peaks are 
present. As the cooling rate increases, the crystallization exotherm shifts to lower 
temperatures (99 °C and 93 °C at 2 and 10 °C min-1, respectively) and the sharp 
peaks begins to broaden and overlap. The heating curve remains relatively the same 
at each of these rates. At 20 °C min-1 the crystallization begins at 88 °C with a much 
smaller enthalpy of transition (-4 kJ/mol) compared to its melting endotherm. On 
heating again, a cold crystallization peak is observed at 63 °C (-6 kJ/mol) followed 
Chapter 6 
205 
References begin on page 219 
by melting into the isotropic liquid at 143 °C (15 kJ/mol). This supports the idea that 
these low-symmetry triazine derivatives have difficulty crystallizing. 
 
Figure 6.1: DSC curves of P2T3T at different heating rates; (red) 2 °C/min, (blue) 10 
°C/min, (green) 20 °C/min. 
To observe if melting temperatures could be lowered further, a 1:1 mixture 
of P2T3T and P2T2F was also examined by DSC. Upon melting both compounds 
into the isotropic liquid, cooling resulted in a single broad exotherm corresponding 
to the co-crystallization of both molecules at ~107 °C which then melts at 133 °C 
upon heating again. Thus, the mixing of these structurally similar compounds 
(triazine attached with 5 membered heterocycles) does not seem to appreciably 
affect crystallinity as there is only a slight decrease in stability with respect to the 
least stable crystal of the pure compound.  
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Figure 6.2: DSC curves of P2T3T and P2T2F on cooling at 1 °C min-1 and a 1:1 mol 
mixture of P2T3T and P2T2F at 10 °C min-1. 
 To examine the effects of conformational flexibility on melting points, the 
ratio between the melting point and molecular weight of our C3 symmetric triazine 
derivatives (2TTT and 3TTT) were compared to rigid C3 symmetric polyaromatic 
systems (e.g. triphenylene,41 hexaazatriphenylene,42 benzo[1,2-b:3,4-b':5,6-
b'']trithiophene,43 truxene,44 and benzo[1,2-b:3,4-b':5,6-
b'']tris[1]benzothiophene)45 known in literature (Table 6.2). Other factors, such as 
the types of intermolecular interactions involved, certainly plays a large role in the 
melting temperature, however, this ratio provides a decent enough estimation to 
correlate conformational flexibility and melting points. The ratio for the triazine 
derivatives were found to be significantly smaller (~2/3) in comparison to the rigid 
structures (~1) shown here, with the exception of the benzo[1,2-b:3,4-b':5,6-
b'']trithiophene which is close to that of 3TTT. The truxene and thiotruxene 
molecules are most similar to the triazines in terms of molecular structure and 
weight (104 % and 120 % heavier, respectively) however, the bridge (e.g. 
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methylene and sulfur) between the outer phenyl and central benzene core restricts 
their rotation giving a melting temperature that is approximately 2 times that of 
3TTT. Therefore, it can be generally concluded that the conformational flexibility 
can have a substantial effect on melting temperatures. 
Table 6.2: Comparison of the melting points and molecular weights of 
conformationally flexible symmetric triazines with rigid aromatic systems. 




Ratio of Melting Point to 
Molecular Weight 
2TTT 193 327.4 0.59 : 1 
3TTT 158 327.4 0.48 : 1 
 
199 228.3 0.87 : 1 
 
370sublime 234.2 1.58 : 1 
 
157 246.4 0.63 : 1 
 
378 342.4 1.10 : 1 
 
422 396.5 1.06 : 1 
6.2.3 Solubility 
These low-symmetry triazines are very soluble (>300 mg/mL) in common organic 
solvents such as THF, ethyl acetate, diethyl ether, dichloromethane, benzene, and 
toluene. This is approximately 6 times more soluble than symmetric triazine 
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derivatives 2TTT and 3TTT, while PPP is only sparingly soluble. This agrees with 
other findings where lower melting temperatures often lead to higher solubilities.  
6.2.4 Ground State Conformations 
The conformational flexibility of these molecules was evaluated by DFT analysis at 
the B3LYP/6-311G+d level of theory where the molecules were first optimized to its 
lowest energy conformation. In all cases, with the exception of P2TC, the triazines 
prefer to adopt a coplanar geometry as a result of extended π-delocalization 
between the conjugated arms and the triazine. In the case of P2TC, the hydrogens at 
the 1- and 8- position of carbazole interfere with the nitrogen lone pairs on the 
triazine core. This results in a shift from co-planarity by about 20°. The barrier for 
rotation of pyrazole, 2-thiophene and 3-thiophene were probed using P2T3T as 
reference. Each heterocycle of P2T3T was rotated by 30° while the other two arms 
were fixed in the coplanar position, and its energy was plotted against its dihedral 
angle (Figure SI-6.2). 2- and 3-thiophene are most stable when they are coplanar to 
the triazine core. The least stable conformer corresponds to thiophenes at a 
dihedral angle of 90° where they reach a maximum energy barrier of 43 kJ/mol and 
33 kJ/mol for 2 and 3-thiophene, respectively. This difference in rotational energy 
barrier may be a result of better conjugation between the triazine and thiophene 
when attached at the 2-position. In the case of pyrazole, while coplanar geometries 
are favoured, a local minimum is observed at 90°. In its coplanar geometry, there is 
steric repulsion between the lone pair of nitrogen on the triazine ring and that of 
pyrazoles. Thus, despite the loss of conjugation, a local minimum is reached when 
the pyrazole ring is perpendicular to the triazine ring as this steric interaction is 
minimized. These counteracting interactions results in the much lower energy 
barrier for rotation of 5 kJ/mol. This study also supports the fact that many 
conformers are possible in these low-symmetry triazine derivatives as there is no 
appreciable energy difference between the different coplanar geometries each 
heterocycle can adopt. 
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6.2.5 Crystal Packing Structure 
Crystals of P2T2F and P2TBT could be obtained from the slow evaporation of 
benzene and hexamethyldisiloxane. However, the crystal structures were highly 
disordered due to the two-fold positional disorder of each arm on the triazine which 
supports the results determined by the conformational analysis using DFT. 
Consequently, due to the disorder, the assignment of heteroatoms on the triazine 
arms could not be determined with high accuracy. The bond distances and angles of 
the triazine core in both of these molecules agree with the values found in similar 
triazine structures.46 In spite of the disorder within the arms, the crystal structure 
provides acceptable information regarding its overall molecular shape and packing 
behavior. P2T2F crystallizes in the monoclinic space group P21/n. Similar to the 
crystal structure of 2TTT reported by Leriche et al.24 and the DFT calculations, 
P2T2F prefers a coplanar arrangement that packs in a herringbone like fashion. The 
distance between two stacked molecules is ~3.29 Å and is indicative of strong π-π 
interactions. In addition, a hydrogen bond with a distance of ~2.6 Å was observed 
between the nitrogen atoms of pyrazole and triazine with a furans-hydrogen on an 
adjacent molecule. This lateral interaction may account for the higher melting found 
in P2T2F compared to P2T2T.   
 
Figure 6.3: Packing structure of P2T2F. 
P2TBT crystallizes in the orthorhombic space group P212121. The crystal 
structure of P2TBT shows that it is nearly planar with a torsional angle of ~8° 
between the benzothiophene and the triazine core, and gives a stacking distance 
~3.31 Å. Unlike P2T2F, the presence of the benzothiophene unit gives a C2-like 
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molecular symmetry which seems to prevent coplanar arrangements between two 
laterally adjacent like molecules.  
 
Figure 6.4: Packing structure of P2TBT. 
6.2.6 Optical Properties 
UV-Vis experiments were run on all triazine derivatives to gain insight on the effects 
of symmetry on optical properties (Figure 6.5). Similar to other findings of low-
symmetry triazines, each arm of the triazine behaves as additive subchromophores. 
Symmetric triazines containing three of the same heterocycles 2TTT, 3TTT, and 
PPP gave high molar extinction coefficients (ε > 50000 L mol-1 cm-1) and absorb at 
318, 277, and 269 nm respectively. The high molar absorptivities in these 
symmetric analogues are a result of the additive absorptions of each identical arm. 
In the case of the low-symmetry compounds, a superposition of the absorption 
spectra of each arm is observed. Thus, present in all spectra is the absorption at 
~269 nm and ~316 nm, corresponding to the π-π* transition of the pyrazole and 2-
thiophene conjugated to the triazine ring, respectively. The spectrum for the third 
arm is then superimposed giving the diverse absorption spectra for all low-
symmetry triazines seen in Figure 6.5. In addition, the absorption bands for all 
triazines with the exception of P2TC are very broad and can be attributed to the 
large number of conformers each subchromophore can adopt with respect to the 
triazine. The narrow λmax band of P2TC is likely a result of its non-coplanar 
structure. Optical gaps were estimated using the onset of the longest wavelength of 
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absorption and summarized in Table 6.2. In general, unfunctionalized 5-membered 
heterocycles gave large energy gaps of ~3.5 eV, while larger ring systems such as 
benzothiophene and carbazole gave gaps of 3.23 eV and 3.29 eV respectively. 
Despite carbazoles donor-acceptor character with respect to the electron deficient 
triazine ring, its optical gap is still larger than that of P2TBT due to its non-coplanar 
geometry limiting electron delocalization 
 
 
Figure 6.5: UV-Vis absorption spectra of low-symmetry triazines in CH2Cl2. 
6.2.7 Theoretical Calculations 
To better understand the molecular structure and look at the frontier orbitals, a 
geometry optimization was performed on the triazines using density functional 
theory at the B3LYP/6-311G+d level. The optical gaps discussed in the previous 
section were smaller (0.5 to 1 eV) in comparison to the HOMO-LUMO gaps derived 
by DFT, although the trends remained the same. Large heterocycles gave smaller 
energy gaps while 5-membered heterocycles, especially nitrogren containing ones 
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give the largest. This is likely due to the minimization of the donor-acceptor 
character as nitrogen containing heterocycles are electron deficient and thus both 
the triazine and pyrazole acts as an acceptor. In the low symmetry triazines 
containing only 5-membered heterocycles, the HOMO and LUMO have pretty large 
overlap as they are both distributed amongst the thiophene/furan and triazines. In 
triazines containing larger heterocycles the HOMO is more isolated to 
benzothiophene/carbazole arms, thus giving a stronger donor-acceptor type 
interaction with the electronic deficient triazine core resulting in the smaller HOMO-
LUMO gaps observed. 
Table 6.3: Summary of optical and electronic properties of symmetric and low-
symmetry triazines derivatives. 
Compound λmax (nm) ε (L mol
-1 cm-1) Eo gap (eV) Ec gap (eV) 
2TTT 318 55 667 3.51  4.39 
3TTT 277 51 543 3.80 4.71 
PPP 269 49 129 4.2 5.20 
P2T2T 313 33 114 3.51 4.31 
P2T3T 307 19 833 3.51 4.40 
P2TF 309 37 577 3.51 4.39 
P2TBT 323 38 737 3.23 3.77 
P2TC 323 34 389 3.29 3.86 
Eo is the optical HOMO-LUMO gap estimated using the onset of the longest 
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Figure 6.6: HOMO and LUMO orbitals and their energies of low-symmetry triazine 
derivatives. 
6.3 Conclusion 
Low-symmetry triazines were synthesized by the step-wise substitution of cyanuric 
chloride with three different heterocycles (e.g. pyrazole, 2-thiophene, 3-thiophene, 
2-furan, carbazole, and benzothiophene) using nucleophilic substitution, Stille and 
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Suzuki cross-coupling reactions. This study demonstrates that polyaromatic 
systems with four aromatic units can be made soluble without relying on the 
addition of solubilizing chains, as solubilities >250 mg/mL was observed in these 
low-symmetry molecules. Expectedly, the low-symmetry triazines gave lower 
melting temperatures (~143 °C) in comparison to symmetrically substituted 
triazines (193 °C). Comparison of the star-shaped symmetric triazines reported here 
with rigid star-shapes systems show that conformational flexibility is an efficient 




All reagents and solvents were purchased from Sigma-Aldrich and Strem Chemicals 
and used as received unless otherwise stated. Ethyl 2-thiophene carboxylate, 2-
thiophene carboxylic acid, tributyltin chloride, and 1M lithium diisopropylamide 
solution in THF/hexanes was purchased from Sigma Aldrich. Pd[PPh3]4 was 
purchased from Strem Chemicals. Dry and air-free toluene and tetrahydrofuran was 
obtained from a solvent purification system (Innovative Technology Inc., MA, USA, 
Pure-Solv 400). SiliaFlash® F60 (230-400 mesh, from Silicycle, Canada). 
6.4.2 Methods 
1H NMR and 13C NMR spectra were obtained on Bruker NMR spectrometers (DRX 
500 MHz and DPX 300 MHz). The residual proton signal of the deuterated solvent 
(chloroform (CDCl3)) was used as a reference signal and multiplicities of the peaks 
are given as s = singlet, d= doublet, t = triplet, and m = multiplet. HRMS was 
obtained using Waters XEVO G2-XS TOF instrument with an asap probe in CI mode. 
Polarized optical microscopy (POM) experiments were performed using an Olympus 
TPM51 polarized light microscopy that is equipped with a Linkam variable 
temperature stage HCS410 and digital photographic imaging system (DITO1). 
Calorimetric studies were performed Mettler Toledo DSC 822e.  
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6.4.3 Synthesis and Characterization 
2,4-dichloro-6-(1H-pyrazol-1-yl)-1,3,5-triazine (1): Using a modified procedure 
reported by Cabanas et al, a 250 mL round bottom flask was charged with cyanuric 
chloride (1.106 g, 6 mmol), and K2CO3 (1.243 g, 9.0 mmol) were dissolved in 60 mL 
THF and cooled to 0 °C. A solution of pyrazole (0.408 g, 6 mmol) in THF (5mL) was 
then added to the mixture and refluxed at 70 °C for 16 hours. The reaction was then 
filtered to remove excess K2CO3 and the filtrate was collected. The filtrate was then 
diluted with ethyl acetate and washed with di H2O (3 x 50 mL). The organic fraction 
was then collected, dried using anhydrous Na2SO4 and the solvent was removed by a 
rotary evaporator. The final product (1) was obtained with a 66 % yield as a white 
solid after purification by column chromatography on silica (DCM). 1H-NMR (300 
MHz, CDCl3): δ 8.57 (dd, J = 3.0, 0.6 Hz,  1H), 7.95 (dd, J = 0.9 Hz, 1H), 6.61 (dd, J = 
3.0, 1.5 Hz, 1H). 13C NMR (75 MHz, CDCl3): δ 172.7, 162.0, 147.1, 130.6, 111.4. TOF 
MS ES+ m/z for C6H4Cl2N5 cald (M+H)+ 215.9844, found 216.0547. 
2-chloro-4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-triazine (2): To a 50 mL 
round bottom flask, 2,4-dichloro-6-(1H-pyrazol-1-yl)-1,3,5-triazine (0.400 g, 1.9 
mmol), 2-(tributylstannyl)thiophene (0.684 g, 1.8 mmol), and Pd[PPh3]4 (0.214 g, 
0.19 mmol) was added and dissolved in 25 mL of dry toluene. The mixture was then 
heated at 90 °C for 9 hours under an argon atmosphere. The resulting mixture was 
then diluted in ethyl acetate (50 mL) and washed with distilled water (3 x 50 mL). 
The organic phase was then collected and dried over anhydrous Na2SO4. The solvent 
was then removed from the flask by a rotary evaporator. The final product (2) was 
obtained with a 49 % yield as a pale yellow solid after purification by column 
chromatography on silica (EtOAc/hexanes, 1:2). 1H NMR (300 MHz, CDCl3): δ = 8.66 
(dd, J = 2.7 Hz, 1h), 8.32 (dd, J = 3.9, 1.2 Hz, 1H), 7.94 (dd, 1H), 7.75 (dd,  J = 4.8, 1.2 
Hz, 1H), 7.24 (dd, 1H), 6.59 (dd, J = 3.0, 1.5 Hz, 1H). 13C NMR (75 MHz, CDCl3, δ): δ 
172.3, 170.2, 161.9, 146.0, 138.8, 135.0, 134.2, 130.3, 128.9, 110.3. TOF MS ES+ m/z 
for C10H7ClN5S cald (M+H)+ 264.0111, found 264.0198. 
2-(1H-pyrazol-1-yl)-4-(thiophen-2-yl)-6-(thiophen-3-yl)-1,3,5-triazine (P2T3T): 
To a 10mL microwave vial, 2-chloro-4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-
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triazine (0.250 g, 0.95 mmol), 3-thienylboronic acid (0.133 g, 1.0 mmol.), Cs2CO3 
(0.340 g, 1.0 mmol), and Pd(OAc)2 (0.023 g, 0.1 mmol) were added and dissolved in 
1,4-dioxane (5 mL) and distilled water (0.5 mL), then purged with argon gas. 
P(C6H11)3 (0.030 g, 0.1 mmol) was then added to the solution in a glove box and the 
vial was sealed. The vial was then placed into a microwave at 140 °C for 40 minutes. 
The resulting mixture was diluted in ethyl acetate (25 mL) and washed with 
distilled water (3 x 25 mL). The organic fraction was then collected and dried over 
anhydrous Na2SO4. The solvent was then removed by a rotary evaporator. The final 
product (3) was obtained with a 50 % yield as a pale yellow solid after purification 
by silica column chromatography (DCM/hexanes). 1H NMR (300 MHz, CDCl3): δ = 
8.78 (dd, J = 2.7 Hz, 1H), 8.68 (dd, J = 3, 1.2 Hz,  1H), 8.35 (dd, J = 3.6 Hz,  1H), 8.06 
(dd, J = 5.1 Hz, 1H), 7.95 (dd, 1H), 7.67 (dd, J = 4.8 Hz, 1H), 7.43 (dd,  J = 5.1, 3.3 Hz, 
1H), 7.23 (dd, 1H), 6.58 (dd, 1H). 13C NMR (75 MHz, CDCl3): δ 169.6, 169.4, 162.2, 
145.1, 140.8, 139.3, 133.1, 132.5, 130.0, 128.6, 127.8, 126.4, 109.4. HRMS ES+ m/z 
for C14H10N5S2 cald (M+H)+ 312.0378, found 312.0387. 
2-(furan-2-yl)-4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-triazine (P2T2F): To a 
50 mL round bottom flask, 2-chloro-4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-
triazine (0.271, 1.0  mmol), 2-(tributylstannyl)furan (0.662 g, 1.8 mmol), Pd[PPh3]4 
(0.119 g, 0.1 mmol), and PPh3 (0.027 g, 0.1 mmol) was added and dissolved in 30 mL 
of dry toluene. The flask was then heated to 90 °C for 48 hours under an argon 
environment. Upon completion, toluene was removed by a rotary evaporator. The 
resulting solid was dissolved in ethyl acetate (50 mL) and washed distilled water (3 
x 50 mL). The collected organic fractions were then dried with anhydrous Na2SO4. 
The solvent was then removed by a rotary evaporator. The final product (4) was 
obtained with a 35% yield as a pale orange solid after purification by silica column 
chromatography (EtOAc/hexanes, 1:1). 1H NMR (300 MHz, CDCl3): δ 8.75 (dd, J = 3 
Hz, 1H), 8.33 (dd, J = 3 Hz, 1H), 7.94 (dd, 1H), 7.76 (dd, 1H), 7.71 (dd, J = 3 Hz,  1H), 
7.68 (dd, J = 6 Hz, 1H), 7.23 (dd, J = 6 Hz, 1H), 6.60 (dd, 1H), 6.57 (dd, 1H). 13C NMR 
(75 MHz, CDCl3): δ 169.1, 165.1, 150.0, 147.1, 145.0, 140.4, 133.1, 132.6, 129.8, 
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128.5, 118.4, 112.6, 109.4. TOF MS ES+ m/z for C14H10N5OS cald. (M+H)+ 296.0606, 
found 296.0619. 
2-(benzo[b]thiophen-2-yl)-4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-triazine 
(P2TBT): To a flask 100 mL round bottom flask 2-chloro-4-(1H-pyrazol-1-yl)-6-
(thiophen-2-yl)-1,3,5-triazine (0.100 g, 0.38 mmol), benzo[b]thien-2-ylboronic acid 
(0.074 g, 0.42 mmol), Na2CO3 (0.044 g, 0.42 mmol), and Pd[PPh3]4 (0.044 g, 0.04 
mmol) was added and dissolved in THF (20 mL)and H2O (5 mL). The solution was 
then degassed with N2 and heated to 70 °C for 6 hours. The resulting mixture was 
then diluted with ethyl acetate (50 mL) and washed with distilled water (3 x 50 mL). 
The final product (5) was obtained with a 14 % yield as a yellow solid after 
purification by silica column chromatography (EtOAc/hexanes, 1:2). 1H NMR 
(300MHz, CDCl3, δ): 8.79 (dd, 1H), 8.65 (dd, 1H), 8.38 (dd, 1H), 7.97 (d, 1H), 7.92 
(m, 2H), 7.70 (dd, 1H), 7.44 (m, 2H), 7.25 (m , 1H), 6.59 (dd, 1H). 13C NMR (75 MHz, 
CDCl3, δ): 169.9, 169.4, 162.0, 145.5, 143.0, 140.6, 140.5, 139.7, 133.6, 133.1, 130.3, 
130.0, 128.8, 127.1, 125.7, 125.1, 123.0, 109.7. TOF MS LD+ m/z for C18H12N5S2 cald. 
(M+H)+ 362.0534, found 395.0542. 
9-(4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-triazin-2-yl)-9H-carbazole 
(P2TC): To a 50 mL round bottom flask, 2-chloro-4-(1H-pyrazol-1-yl)-6-(thiophen-
2-yl)-1,3,5-triazine (0.036 g, 1 eq.) and carbazole (0.25 g, 1.1 eq.) were added and 
dissolved in THF. The flask was cooled to -40 °C, and nBuLi (1 eq.) was added drop 
wise to the flask and allowed to warm to room temperature for 4 hours. After 
removal of THF by a rotary evaporator, the solid was extracted with DCM and water. 
The collected organic fractions were dried over anhydrous Na2SO3 and filtered. 
After evaporation of THF and purification by column chromatography on silica 
(DCM/hexanes 1:1) 0.045 g of 9-(4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-
triazin-2-yl)-9H- carbazole (white solid, 83% yield) was obtained. 1H NMR (300 
MHz, CDCl3, δ): 9.18 (d, J = 8.4 Hz, 2H), 8.79 (dd. J = 2.7 Hz, 1H), 8.31 (dd, J =  4Hz, J = 
3.9, 1.2 Hz, 1H), 8.03 (overlapping m,  3H), 7.72 (dd, 1H), 7.61 (m, 2H), 7.43 (m, 2H), 
7.29 (dd, 1H), 6.63 (dd, 1H).  . 13C NMR (75 MHz, CDCl3, δ): 169.6, 165.1, 162.2, 
Chapter 6 
218 
References begin on page 219 
145.3, 141.2, 139.1, 133.2, 132.7, 130.1, 128.8, 127.5, 127.1, 123.9, 119.7. 118.5, 
109.8. TOF MS ES+ m/z for C22H15N6S cald. (M+H)+ 395.1079, found 395.1607. 
2,4,6-tri(thiophen-2-yl)-1,3,5-triazine (2TTT): Prepared by following a modified 
procedure reported by Leriche et al. To a 50 mL round bottom flask, cyanuric 
chloride (0.100 g, 0.054 mmol), tributyl(thiophen-2-yl)stannane (0.627 g, 1.68 
mmol), and Pd[PPh3]4 (0.031 g, 5 mol %) was added and dissolved in dry toluene. 
The flask was then heated to 90 °C for 24 hours under argon gas. Upon completion, 
the toluene was removed via a rotary evaporator, leaving a crude product. The 
crude was then extracted using EtOAc and distilled water. The combined organic 
fraction was dried over anhydrous Na2SO4 and subsequently purified by column 
chromatography on silica (hexanes/DCM 5:1) yielding 0.81 g of 2,4,6-tri(thiophen-
2-yl)-1,3,5-triazine (yellow solid, 75%). 1H NMR (300MHz, CDCl3, δ): 7.22 (dd, 3H), 
7.63 (dd, 3H), 8.29 (dd, 3H). 
2,4,6-tri(thiophen-3-yl)-1,3,5-triazine (3TTT): TO a 50 mL flask containing 3-
thiophenecarbonitrile (0.500g, 4.58 mmol) was added triflic acid (0.825 g, 0.55 
mmol) dropwise at 0 °C under N2. The solution was then warmed to room 
temperature and stirred overnight. A saturated NaHCO3 solution was added to 
neutralize the acid. The mixture was then diluted with ethyl acetate and washed 
with distilled water (3x50 mL). The collected organic fractions were then dried with 
anhydrous Na2SO4. The solvent was then removed by a rotary evaporator. 0.110 g 
of the final product was obtained in 22% yield as a white solid after recrystallization 
from DCM/MeOH. 1H NMR (500MHz, CDCl3, δ): 8.60 (dd, J = 3, 1 Hz, 3H), 8.06 (dd. J 
= 5, 1 Hz, 3H), 7.43 (dd, J = 5, 3 Hz, 3H) . 13C NMR (75 MHz, CDCl3, δ): 168.4, 140.5, 
131.0, 127.6, 126.2. TOF MS ASAP+ m/z for C15H10N3S3 cald. (M+H)+ 328.0037, 
found 328.0040. 
2,4,6-tri(1H-pyrazol-1-yl)-1,3,5-triazine (PPP): Prepared by following a modified 
procedure reported by Azarifar et al. Cyanuric chloride (0.100 g, 0.54 mmol) and 
pyrazole (0.222 g, 3.26 mmol) were added to a 50 mL round bottom flask. The solid 
mixture was heated and stirred at 80 °C for 10 minutes. The crude substance was 
then extracted using chloroform and distilled H2O. The organic fraction was dried 
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using anhydrous Na2SO3 and evaporated under vacuum. The final product was 
recrystallized using ethyl acetate and hexanes to give 2,4,6-tri(1H-pyrazol-1-yl)-
1,3,5-triazine as a white solid  (15% yield). 1H-NMR (300MHz, CDCl3, δ): 6.62 (dd, 
3H), 7.99 (dd, 3H), 8.82 (dd, 3H). 
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Rotation of 2-thiophene 
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Rotation of pyrazole 
Figure SI-6.2: DFT (B3LYP/6-311G+d) conformational analysis of P2T3T. Rotation of 
2-thiophene, 3-thiophene and pyrazole groups. 
Table SI-6.1: TD-DFT (B3LYP/6-311G+d) determined frontier orbital distribution, 
energies, and calculated UV-Vis spectra of of low-symmetry and symmetric triaiznes. 
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LUMO+1 = -1.95 eV LUMO = -2.38 eV 
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LUMO+1 = -2.03 LUMO = -2.32 
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LUMO+1 = -2.18 eV LUMO = -2.50 eV 
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LUMO+1 = -1.80 eV LUMO = -2.36 eV 
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LUMO+1 = -2.26 eV LUMO = -2.26 eV 
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LUMO+1 = -2.07 eV LUMO = -2.07 
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LUMO+1 = -2.14 eV LUMO = -2.14 eV 
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Figure SI-6.3: DSC curve of PPP. 
 
Figure SI-6.4: DSC curve of 2TTT. 
Chapter 6 
235 
References begin on page 219 
 
Figure SI-6.5: DSC curve of 3TTT. 
 
Figure SI-6.6: DSC curve of P2T2T.  
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Figure SI-6.7: DSC curve of P2T3T. 
 
Figure SI-6.8: DSC cruve of P2TBT. 
Chapter 6 
237 
References begin on page 219 
 
Figure SI-6.9: DSC curve of P2TC. 
 
Figure SI-6.10: DSC curve of a 1:1 mol mixture of P2T3T and P2T2F. 
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CHAPTER 7:  
Mesomorphic low-symmetry donor-acceptor 1,3,5-triazine 
dye shows extended absorption due to meta-coupling 
7.1 Introduction 
Both increasing the π-conjugation length and incorporating π-conjugated donor and 
acceptor structures have been extensively used to increase absorption wavelengths 
(decrease optical gaps) and coefficients of monomolecular and polymeric 
chromophores.1–4 In contrast, the non-conjugated (or limited conjugated) 
connection of chromophores generates dyes with additive absorption behavior 
(multichromophoric) and relatively large optical gaps.5,6 This design has been 
widely applied to light harvesting structures based on multiads of chromophores.7,8 
A present frontier is the exploration and application of dyes that contain a π-
conjugated bridging unit between chromophores but the (sub)chromophores are 
formally not conjugated in the electronic ground state.9–12 Structurally, these 
compounds have been realized in cross-conjugated13–15 systems and meta-
substituted aromatic9,10,12,16,17 derivatives. Several experimental and theoretical 
studies have shown that some (through-bond and through-space) electronic 
communication between the subchromophores may be present in the ground state 
if the conjugated system is conformationally flexible18,19 and extensive electronic 
communication is possible in excited states and charged species.13 Both phenomena 
have led to unexpected optical20,21 and electronic properties,22 such as an enhanced 
charge separation and suppressed charge recombination in meta-attached 
phenylacetylene dendrons with strong donor-acceptor character.23 
Reported here is a conformationally flexible small molecule dye that consists 
of strong donor and acceptor chromophores that are meta-attached to a central 
1,3,5-triazine core (compound 11 in Scheme 1). Its unexpected deep brown color 
and absorption tail beyond 650 nm is reasoned with an unusually strong meta-
coupling of the donor and acceptor subchromophores. The combination of low 
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symmetry, conformational flexibility, and strong donor-acceptor character are also 
important structural features that contribute to the suppression of crystallization in 
compound 11 and its mesomorphism, both unusual properties for these types of 
side-chain free small molecules.24 
1,3,5-Triazines have been widely applied as central building blocks for 
organic electronic materials, though most reported polycyclic aromatic derivatives 
have three identical substituents, and the central triazine core functions as the 
electron acceptor in compounds with donor-acceptor character.25–27 Triazines with 
three different five-membered heterocycles have not been previously reported, and 
triazines 7 and 11 have a stronger acceptor group than the central triazine ring. 
This design combines planarity28 and an extended π-conjugation with low-
symmetry and conformational flexibility, which was expected to afford high 
solubility and unusually low melting points that may induce mesomorphism despite 
the absence of flexible side-chains. 
7.2 Results and Discussion 
All asymmetric triazines were readily generated by sequential substitutions of 
cyanuric chloride with functionalized and unfunctionalized heterocycles via 
nucleophilic aromatic substitution and Stille cross coupling reactions (Scheme 1 and 
Supporting Information [SI]). Precursor 1 was prepared in 66% yield by reacting 
cyanuric chloride with one equivalent of pyrazole and excess K2CO3.29 Disubstituted 
intermediate 2 was obtained in a moderate yield (49%) by a Stille cross coupling 
reaction between 1 and 2-(tributylstannyl)thiophene.28 Finally, three different 
thiophenes were coupled to intermediate 2 to give final products 3 and 4 and the 
dioxolane precursor of 7 in yields of 75% 72% and 57%, respectively. The dioxolane 
precursor was deprotected to regenerate the aldehyde that was subsequently 
reacted with malononitrile in a Knoevenagel condensation30 to give compound 7 in 
an overall yield of 32% starting from intermediate 2. 
A similar synthetic pathway was chosen for donor-acceptor triazine 11, 
although a change to the sequence of the individual steps was required. Starting 
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with precursor 1, two Stille cross coupling reactions attached first a dioxolane 
protected thiophene to generate 8 in 67% yield and then the pyrrolidine thiophene 
to give 9 in 35% yield. Finally, the dioxolane was converted to the aldehyde and 
then the vinyl malononitrile group as described above to give 11 in 55% yield for 
the last two steps. 
 
Scheme 7.1: Synthesis of low-symmetry triazines 3, 4, 7 and 11. Reaction conditions: 
a) pyrazole, K2CO3, THF, 90 °C; b) tributyl(thiophen-2-yl)stannane, Pd[PPh3]4, toluene, 
90 °C; c) 1-(5-(tributylstannyl)thiophen-2-yl)pyrrolidine, Pd[PPh3]4, toluene, 90 °C; d) 
(5-(1,3-dioxolan-2-yl)thiophen-2-yl)tributylstannane, Pd[PPh3]4, toluene, 90 °C; e) 
pTsOH, THF/H2O; f) vinyl malononitrile, NaHCO3, EtOH, 0 °C – 24 °C. 
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Compounds 3, 4, 7, and 11 were readily soluble (>3 mg/mL) in ethers, esters, 
chlorinated, and aromatic solvents. Absorption spectra of solutions and thin films of 
compounds 3, 4, 7, and 11 reveal the expected additive absorption of the individual 
subchromophores with the exception of the donor-acceptor compound 11 that 
shows an additional broad absorption that reaches beyond 650 nm (1.91 eV) and 
explains its unexpected dark brown color in solution and as solid (Figure 7.1). 
All absorption peaks, including the long wavelength tail of compound 11, 
obey the Lambert-Beers law in the concentration range of 1 x 10-4 to 1 x 10-6 M 
(Figures SI-7.1 and SI-7.2) which confirms that the tail is not caused by 
intermolecular interactions. This is corroborated by the absence of any additional 
absorption bands in 1:1 mixtures in solution of compounds 4 and 7 over the same 
concentration range (Figure SI-7.3). None of these compounds show measureable 
fluorescence in solution at room temperature and their solvatochromism is small 




References begin on page 255 
 
Figure 7.1:  UV-vis absorption spectra of compounds 4, 7, and 11 in CH2Cl2 solution 
and of 11 as a thin-film on quartz. 
UV-vis spectra of thin-films of compounds 4, 7, and 11 are similar to the 
solution spectra, though the absorption bands are broadened and the long 
wavelength tail of 11 is more intense. This increase of intensity must be caused by 
additional intermolecular electronic coupling among the dyes in the film, which is 
supported by the observation of a similar tail for a red thin film comprised of a 1:1 
mixture of 4 and 7 (Figure SI-7.3). 
Cyclic voltammetry of 11 in CH2Cl2 solution gives an estimated HOMO-LUMO 
gap of about 1.46 eV based on an irreversible oxidation and a partially reversible 
reduction peak at about 0.79 V and -0.67 V (vs. Ag/Ag+), respectively. The relatively 
small differences between the oxidation potentials of 11 and donor triazine 4 and 
the reduction potentials of 11 and the acceptor triazine 7 indicate a rather limited 
electronic coupling between the donor and acceptor units in 11 (Table 7.1). 
Table 7.1: Redox potentials and estimated HOMO and LUMO energies. 
Compound E1/2Ox / E1/2Red (V) EHOMO/ELUMO (eV)a HOMO-LUMO Gap (eV) 
3 N.A / -1.50 N.A / -2.82 N.A 
4 0.77 / -1.67 -5.09 / -2.65 2.44 
7 N.A / -0.63b N.A / -3.69 N.A 
11 0.79c / -0.67b N.A / -3.65 1.46 
Data obtained from Cyclic Voltammety in acetonitrile (CH2Cl2) solvent (vs Ag/AgCl 
electrode) at glassy carbon electrode (GC) in presence of 0.1 M NBu₄PF₆. 
[a]Calculated as ELUMO (eV) = -(E1/2 red vs ferrocene + 4.8); EHOMO (eV) = -(E1/2 ox vs ferrocene + 
4.8). [b]E1/2 values were estimated based on partially reversible redox reactions. 
[c]E1/2 value was estimated based on the observed peak for an irreversible redox 
reaction. 
Calculations via density functional theory (DFT) and its time-dependent 
analogue (TDDFT; see SI for full computational details) were completed at the 
PBE0/6-31+G(d,p) level of theory to shine light on the unusual electronic and 
optical characteristics of these dyes. Focusing on the TDDFT-determined spectrum 
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of 11 (Figure SI-7.14), the low-energy transition at 580 nm (2.13 eV) observed as 
the tail in the experimental solution absorption spectrum, is best described as a 
HOMO ⟶ LUMO one-electron transition, where the HOMO is delocalized from the 
pyrrolidine through the adjacent thiophene to the triazine core, while the LUMO is 
delocalized from the cyano groups through the adjacent thiophene to the triazine 
core; these wavefunctions correspond well with the redox behavior analysis based 
on cyclic voltammetry. Natural transition orbitals (NTO) describing the hole and 
electron for this excitation confirm a charge-transfer (CT) character (Figure SI-
7.15), with both the hole and electron extending on to the triazine ring from the 
donor arm and acceptor arm, respectively. Note that such low-energy CT transitions 
do not appear for 3, 4, or 7 (Figure SI-7.14), revealing the distinctive characteristics 
of 11 that arise from the presence of the meta-substituted strong donor and strong 
acceptor units. 
A computational investigation of the benzene analogues of 3, 4, 7, and 11 
revealed similar optical properties, which suggest that the formation of the 
absorption tail mainly depends on the types of attached donor and acceptor groups 
rather than the central triazine core.  
The observation of a tail rather than a discrete long wavelength absorption 
peak is explained in part through rotational isomerism. For 11, there exist a number 
of rotational isomers that lie within 0.5 – 1.7 kcal/mol of the minimum geometry 
(Table SI-7.3) and the barriers for rotation of the subchromophores are of the order 
of 8 – 10 kcal/mol for isolated molecules (Figure SI-7.17), though rotation of the 
pyrrolidine-thiophene arm is more energetically costly at 13 – 15 kcal/mol. More 
importantly, rotations to ≈20⁰ fall within kT at room temperature (≈0.6 kcal/mol). 
TDDFT calculations at the PBE0/6-31+G(d,p) level of theory for rotamers of 
11 reveal that the S0 ⟶ S1 transition energy can red shift or blue shift by ≈0.2 eV 
(±60 nm) depending on the rotamer considered. Moreover, constrained geometry 
optimizations where components of the subchromophores of 11 are rotated with 
respect to the triazine ring further reveal that such rotations can lead to shifts in the 
S0 ⟶ S1 transition energy (Figure 7.2 and SI-7.19 – SI-7.23). The NTO for the 
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rotamers and constrained rotated structures are largely unchanged, though 
rotations near 90⁰ do limit the extension of the hole or electron onto the triazine, 
limiting the wavefunction overlap and weakening the already low oscillator strength 
CT transition. 
 
Figure 7.2: TDDFT-derived (PBE0/6-31+G(d,p)) spectra of 11 for a selection of 
constrained, ground-state optimized rotamers (see SI for all calculated spectra). 
Furthermore, the DFT optimized geometries of 3, 4, 7, and 11 reveal how the 
ground-state bond-length alternation (BLA) pattern – which provides a means to 
evaluate manifestations in shifts of the molecular electron density – changes as a 
function of the heterocycle substitution (Figure 7.3 and SI). The BLA pattern for 11 
is virtually an additive combination of those for 4 and 7, which is consistent with 
expectations for meta-linked chromophores with minimal-to-no formal conjugation. 
It is notable, however, that the BLA within the triazine core is larger in 11 than for 
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any of the other systems. This indicates an enhancement of the pyrrolidine donor 
effects to the triazine by the introduction of the strong vinyl malononitrile acceptor. 
 
Figure 7.3: Bond lengths along the shared portion of the conjugated backbone for 
molecules 3, 4, 7, and 11. Inset shows bond indexing. 
Further, we evaluated the relative strength of the meta-pyrrolidine 
thiophene and vinyl malononitrile thiophene substituents (Figure SI-7.24 to SI-7.26 
and Table SI-7.4 and SI-7.15). Following Foti and co-workers,19 we explored a series 
of model compounds where the pyrazole ring was replaced by a hydroxyl group and 
the bond dissociation energy for hydrogen radical (H·) removal was determined 
(Figure SI-7.24 to SI-7.26 and Table SI-7.4 and SI-7.15). As with the geometries of 3, 
4, 7, and 11, there are a number of rotational isomers that fall within a small energy 
range; however, the BDE trends are the same within each model compound. Using 
2-hydroxy-1,3,5-triazine as the baseline structure, substitution of thiophene at the 4 
position increases the BDE for hydride dissociation, demonstrating thiophene as a 
meta electron-withdrawing group in this reaction. While adding the vinyl 
malononitrile group to the thiophene further increases the BDE (i.e. vinyl 
malononitrile thiophene is a stronger electron-withdrawing group by a factor of 
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two), the pyrrolidine thiophene chromophore is an electron-donor, both of which 
are expected. These trends are carried forward to the direct hydroxyl analogs of 3, 
4, 7: 4,6-dithiophene increases the BDE, while the addition of the vinyl 
malononitrile group further increases the BDE, but only to a rather marginal extent; 
the pyrrolidine thiophene chromophore at the 6-position decreases the BDE. 
Notably, the analogue to 11 shows the largest increase in the BDE in the series, 
suggesting that the donor and acceptor substituents work in concert as an electron 
donor for the reaction. We note that the behavior observed here, in terms of 
absolute values of the meta effects, are dependent on the substituent at the 2 
position in this reaction.19 Overall, however, we are able to differentiate important 
details of the donor and acceptor substituents in the molecular series, both in the 
excited state (optical properties) and ground state (BLA and BDE), that lead in part 
to the unusual molecular characteristics observed experimentally. 
Equally unusual to the absorption properties are the thermal properties of 
triazine 11, which does not crystallize but forms a soft crystal mesophase at room 
temperature based on powder XRD, DSC, and optical microscopy (Figure 7.4 and SI-
7.7 to SI-7.13). It is a dark brown soft solid at room temperature that displays liquid 
crystal-like defect textures and generates mainly broad reflections in its diffraction 
pattern, except for an intense reflection at 3.39 Å. This reflection is assigned to π-
stacking with a long-range periodicity, while the broad reflections are indicative of a 
lack of long-range packing order in all other lattices. The reflection at 12.95 Å agrees 
with the average diameter of compound 11 and may indicate some lateral packing 
periodicity. In contrast, compounds 4 and 7 are yellow crystalline powders and 
their diffraction patterns contain more and sharper reflections than that of 11. 
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Figure 7.4: Optical micrographs and transmission X-ray diffraction patterns of 
compounds 4, 7, and 11 at 25 °C. 
Upon heating, 11 gradually melts into an isotropic liquid phase between 150 
°C and 180 °C, a remarkably low temperature for a strongly dipolar polyaromatic 
compound without flexible side-chains. Indeed, calculated dipole moments range 
from 4.8 to 16.1 Debye depending on the rotamer considered (Table SI-7.2). 
Compounds 3, 4, and 7 melt into isotropic liquids at 186 °C, 210 °C, and 246 °C, 
respectively, (Figs. SI-7.7 to SI-7.10). All compounds but 3 slowly convert into 
insoluble isotropic solids (7 and 11) or decompose (4) when heated above their 
melting temperatures. 
7.3 Conclusion 
In conclusion, low-symmetry donor-acceptor 1,3,5-triazine derivatives were 
prepared from cyanuric chloride by a stepwise statistical substitution of the 
chloride atoms. The combination of low symmetry with strong donor and acceptor 
Chapter 7 
248 
References begin on page 255 
 
groups and many rotamers of similarly low energies generates a broadly absorbing, 




All reagents and solvents were purchased from Sigma-Aldrich and Strem Chemicals 
and used as received unless otherwise stated. Dry solvents were obtained from a 
solvent purification system (Innovative Technology Inc., MA, USA, Pure-Solv 400). 
SiliaFlash® F60 (230-400 mesh, from Silicycle, Canada). 
7.4.2 Methods 
1H NMR and 13C NMR spectra were obtained on Bruker NMR spectrometers (DRX 
500 MHz and DPX 300 MHz). The residual proton signal of the deuterated solvent 
(chloroform (CDCl3)) was used as a reference signal and multiplicities of the peaks 
are given as s = singlet, d= doublet, t = triplet, and m = multiplet. HRMS was 
obtained using Waters XEVO G2-XS TOF instrument with an asap probe in CI mode. 
Polarized optical microscopy (POM) experiments were performed using an Olympus 
TPM51 polarized light microscope that is equipped with a Linkam variable 
temperature stage HCS410 and digital photographic imaging system (DITO1). 
Calorimetric studies were performed using a Mettler Toledo DSC 822e. Powder X-
Ray diffraction measurements were obtained from a Brüker D8 Discover 
diffractometer with a GADDS 2D-detector and operated at 40 kV and 40. CuKα1 
radiation (= 1.54187 Å) with an initial beam diameter of 0.5 mm is used.  A modified 
INSTEC hot and cold stage HCS 402 with a STC 200 controller was used for variable 
temperature pXRD measurements. UV-VIS absorption and emission spectra were 
recorded on a Varian Cary 50 Conc UV-Vis spectrophotometer and a PerkinElmer 
LS50B luminescence spectrometer, respectively. Cyclic voltammetry (CV) was 
performed on a standard one-compartment, three-electrode cell connected to an 
Electrochemical Analyzer BAS 100B/W (Bioanalytical Systems). A 3-mm diameter 
glassy carbon disk was used as the working electrode, Pt wire as the counter 
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electrode and Ag/AgCl as the reference electrode. Electrochemical grade 
tetrabutylammonium perchlorate was used as supporting electrolyte. Ferrocene 
(Fluka) was used as the internal standard (E1/2ox of ferrocene/ferrocenium in CH2Cl2 
was 0.48 V vs. Ag/AgCl and all measurements were conducted under dry argon. 
7.4.3 Synthesis and Characterization 
General Procedure for Stille Cross Coupling Reactions 
To a 50 mL round bottom flask was added 2,4-dichloro-6-(1H-pyrazol-1-yl)-1,3,5-
triazine (4.6 mmol) 2-(tributylstannyl)thiophene (4.6 mmol), and Pd[P(Ph)3]4 (0.02 
mmol) and dissolved in 30 mL of dry toluene. The mixture was then heated at 90 °C 
for 18 hours under argon. After cooling, the resulting mixture was diluted in 50 mL 
of ethyl acetate and washed with distilled H2O (3x). The organic fractions were 
combined and dried over anhydrous Na2SO4, followed by the removal of solvent by 
rotary evaporation. The crude product was then purified by flash column 
chromatography on silica using ethyl acetate/hexanes (1:2) to give 2 as a pale 
yellow solid. Yield 49%. The spectroscopic data for these compounds are listed 
below.  This reaction was prepared as reported by Leriche et al. with some 
modifications to the relative reagent ratios.28 
2,4-dichloro-6-(1H-pyrazol-1-yl)-1,3,5-triazine (1): To a 100 mL round bottom 
flask was added cyanuric chloride (6 mmol) and K2CO3 (9 mmol) and dissolved in 50 
mL of THF. A solution of pyrazole (6 mmol) in THF was then added dropwise to the 
mixture while stirring and refluxed for 16 hours. After cooling, the solution was 
filtered to remove any solid byproducts, followed by the removal of solvent from the 
filtrate by rotary evaporation. The resulting solid was then dissolved in DCM and 
washed with distilled H2O (3x). The final product was obtained after purification by 
flash column chromatography on silica using DCM to give 1 as a white solid. Yield 
66%. 1H NMR (300MHz, CDCl3, δ ppm): 8.57 (dd, J = 2.7, 0.3 Hz, 1H), 7.95 (d, J = 0.9 
Hz, 1H), 6.07 (dd, J = 3, 1.5 Hz 1H). 13C NMR (75 MHz, CDCl3, δ ppm): 172.7, 147.1, 
130.6, 111.43. MS (TOF MS ES+): m/z 216.0547 [M+H]+ (calc. for C6H3Cl2N5: 
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215.9844). This reaction was prepared as reported by Trullàs et al. with some 
modifications to the relative reagent ratios.29 
2-chloro-4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-triazine (2): See General 
Procedure for Stille Cross Coupling reactions. Pale yellow solid obtained after 
purification by flash column chromatography using hexanes/ethyl acetate (2:1) 
Yield 49 %.1H NMR (300MHz, CDCl3, δ ppm): 8.67 (d, J = 2.7 Hz, 1H), 8.34 (dd, J = 3.9, 
1.2 Hz, 1H), 7.95 (d, J = 0.9 Hz, 1H), 7.76 (dd, J = 4.8, 1.2 Hz, 1H), 7.24 (dd, 1H), 6.60 
(dd, J = 3, 1.8 Hz, 1H). 13C NMR (75 MHz, CDCl3, δ ppm): 172.3, 170.2, 161.9, 146.0, 
138.8, 135.0, 134.2, 130.3, 128.9, 110.3. MS (TOF MS ES+): m/z 264.0198 [M + H]+ 
(calc. for C10H7ClN5S: 264.0111). 
2-(1H-pyrazol-1-yl)-4,6-di(thiophen-2-yl)-1,3,5-triazine (3):  See General 
Procedure for Stille Cross Coupling reactions. Pale yellow solid obtained after 
purification by flash column chromatography using hexanes/ethyl aceate (2:1). 
Yield 75%. 1H NMR (300MHz, CDCl3, δ ppm): 8.73 (d, J = 2.7 Hz, 1H), 8.32 (dd, J = 3.6, 
0.9 Hz, 2H), 7.94 (d, J = 1.5 Hz 1H), 7.65 (dd, J = 5.1, 0.9 Hz, 2H), 7.21 (dd, J = 3.9, 4.8 
Hz, 2H), 6.55 (dd, J = 2.7, 1.5 Hz, 1H). 13C NMR (75 MHz, CDCl3, δ ppm): 169.0, 161.6, 
144.9, 140.3, 133.0, 132.5, 129.8, 128.4, 109.2. MS (TOF MS LD+): m/z 312.0383 [M 
+ H]+ (calc. for C14H10N5S2: 312.0378). 
2-(1H-pyrazol-1-yl)-4-(5-(pyrrolidin-1-yl)thiophen-2-yl)-6-(thiophen-2-yl)-1,3,5-
triazine (4): See General Procedure for Stille Cross Coupling reactions. Orange solid 
obtained after purification by flash column chromatography using hexanes/ethyl 
aceate (2:1). Yield 72%. 1H NMR (300MHz, CDCl3, δ ppm): 8.73 (d, J = 2.4 Hz. 1H), 
8.28 (dd, J = 2.4, 1.2 Hz, 1H), 8.17 (d, J = 4.5 Hz, 1H), 7.90 (d, 1H), 7.60 (dd, J = 4.8, 1.2 
Hz, 1H), 7.20 (dd, J = 4.8, 3.9  Hz, 1H), 6.52 (d, J = 2.4, 1.5 Hz, 1H), 5.91 (d, J = 4.5 Hz, 
1H), 3.45 (t, 4H), 2.12 (t, 1H). 13C NMR (75 MHz, CDCl3, δ ppm): 168.1, 163.2, 161.3, 
144.62, 141.5, 136.47, 132.11, 131.74, 129.9, 128.4, 120.7, 108.87, 103.75, 50.74, 
26.0. MS (TOF MS ES+): m/z 381.0955 [M + H]+ (calc. for C18H17N6S2: 381.0956). 
2-(5-(1,3-dioxolan-2-yl)thiophen-2-yl)-4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-
1,3,5-triazine (5): See General Procedure for Stille Cross Coupling reactions. Pale 
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yellow solid obtained after purification by flash column chromatography 
hexanes/ethyl acetate (2:1). Yield 57%. 1H NMR (300MHz, CDCl3, δ ppm): 8.76 (d, J = 
2.7 Hz, 1H), 8.35 (dd, J = 3.6, 1.2 Hz, 1H), 8.24 (d, J = 3.9, 1H), 7.95 (d, J = 0.6 Hz, 1H), 
7.68 (dd, J = 4.8, 1.2 Hz, 1H), 7.24 (dd, 2H), 6.57 (dd, J = 2.7, 1.5 Hz, 1H), 6.18 (s, 1H), 
4.20 (m, 4H).  13C NMR (75 MHz, CDCl3, δ ppm): 169.3, 169.2, 161.9, 150.1, 145.29, 
140.8, 140.6, 133.4, 132.8, 132.4, 130.1, 128.7, 127.2, 109.6, 100.3, 65.4. MS (TOF MS 
LD+): m/z 384.0592 [M + H]+ (calc. for C17H14N5O2S2: 384.0589). 
5-(4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-triazin-2-yl)thiophene-2-
carbaldehyde (6): To a 50 mL round bottom flask was added 7 (0.5 mmol) and p-
toluenesulfonic acid monohydrate (10 mol %) which was dissolved in a 10% water 
in THF solution (25 mL). The flask was stirred for 48 hours at room temperature 
under nitrogen. After completion, the solution was then diluted in ethyl acetate (20 
mL) and washed with distilled water (3x). The organic fraction was then dried using 
anhydrous Na2SO4 and the solvent was removed by rotary evaporator. A yellow 
solid was obtained and used in the next step without further purification. Yield 95% 
crude. 1H NMR (300MHz, CDCl3, δ ppm): 10.03 (s, 1H), 8.77 (d, J = 2.7 Hz, 1H), 8.39 
(overlapping m, 2H), 7.97 (d, J = 0.6 Hz,  1H), 7.86 (d, J = 3.9  Hz,  1H), 7.73 (d, J = 4.8 
Hz, 1H), 7.26 (dd, overlapping CHCl3, 1H), 6.61 (dd, J = 2.7, 1.5 Hz, 1H). MS (TOF MS 
LD+): m/z 340.0333 [M + H]+ (calc. for C15H10N5OS2: 340.0327). 
2-((5-(4-(1H-pyrazol-1-yl)-6-(thiophen-2-yl)-1,3,5-triazin-2-yl)thiophen-2-
yl)methylene)malononitrile (7): To a 25 mL round bottom flask was added 10 (0.2 
mmol), NaHCO3 (30 mol %), malononitrile (0.3 mmol) and THF (10 mL). The 
reaction was stirred at room temperature under nitrogen for 24 hours. After 
completion, the solution was diluted with 20 mL of ethyl acetate and washed with 
distilled H2O. The organic fraction was then dried using anhydrous Na2SO4 and the 
solvent was removed by rotary evaporator. A dark brown solid was obtained after 
purification by flash column chromatography using toluene/ethyl acetate (1:1). 
Yield 57%. 1H NMR (300MHz, CDCl3, δ ppm): 8.74 (d, J = 2.7 Hz, 1H), 8.38 (m, J = 6.3, 
3.9 Hz, 2H), 7.95 (d, 1H), 7.89 (d, 1H), 7.86 (s, 1H), 7.72 (dd, J = 5.1, 1.2 Hz, 1H), 7.25 
(dd, overlapping CHCl3, 1H), 6.60 (dd, J = 2.7, 1.5 Hz, 1H). 13C NMR (75 MHz, CDCl3, δ 
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ppm): 169.6, 167.9, 162.0, 150.5, 150.0, 145.8, 139.8, 138.0, 134.5, 133.7, 132.6, 
130.4, 129.1, 113.5, 112.7, 110.2, 81.1. MS (TOF MS ES+): m/z 388.0441 [M + H]+ 
(calc. for C18H10N7S2: 388.0439). 
2-(5-(1,3-dioxolan-2-yl)thiophen-2-yl)-4-chloro-6-(1H-pyrazol-1-yl)-1,3,5-
triazine (8): See General Procedure for Stille Cross Coupling Reaction. Obtained as a 
pale yellow solid after purification by flash column chromatography using 
hexanes/ethyl acetate (1:1). Yield 67%. 1H NMR (300MHz, CDCl3, δ ppm): 8.67 (d, J = 
2.7 Hz, 1H), 8.23 (d, J = 4.2 Hz, 1H), 7.95 (d, 1H), 7.25 (d, 1H), 6.60 (dd, 1H), 6.18 (d, 
1H), 7.70 (d, 1H), 7.22 (t, 1H), 6.57 (d, 1H). 13C NMR (75 MHz, CDCl3, δ ppm): 172.5, 
170.2, 162.1, 152.3, 146.2, 138.9, 134.1, 130.5, 127.5, 110.6, 99.8, 65.5. MS (TOF MS 
LD+): m/z 336.0324 [M + H]+ (calc. for C13H11ClN5O2S: 336.0322). 
2-(5-(1,3-dioxolan-2-yl)thiophen-2-yl)-4-(1H-pyrazol-1-yl)-6-(5-(pyrrolidin-1-
yl)thiophen-2-yl)-1,3,5-triazine (9): See General Procedure for Stille Cross 
Coupling Reaction. Obtained as a orange solid after purification by flash column 
chromatography using hexanes/ethyl acetate (2:1). Yield 35%. 1H NMR (300MHz, 
CDCl3, δ ppm): 8.71 (d, J = 2.7 Hz, 1H), 8.15 (overlapping d, 2H), 7.89 (d, 1H), 7.21 (d, 
1H), 6.50 (dd, 1H), 6.17 (s, 1H), 5.89 (d, J = 4.5 Hz, 1H), 4.18 (m, 4H), 3.44 (t, 4H), 
2.11 (t, 4H). 13C NMR (75 MHz, CDCl3, δ ppm): 183.7, 163.3, 161.3, 148.7, 144.6, 
141.8, 136.6, 131.4, 130.0, 127.0, 120.6, 108.9, 103.8, 100.3, 65.4, 50.75, 26.0. MS 
(TOF MS LD+): m/z 453.1161 [M + H]+ (calc. for C21H21N6O2S2: 453.1167). 
5-(4-(1H-pyrazol-1-yl)-6-(5-(pyrrolidin-1-yl)thiophen-2-yl)-1,3,5-triazin-2-
yl)thiophene-2-carbaldehyde (10): To a 50 mL round bottom flask was added 9 
(0.5 mmol) and p-toluenesulfonic acid monohydrate (10 mol %) which was 
dissolved in a 10% water in THF solution (25 mL). The flask was stirred for 48 
hours at room temperature under nitrogen. After completion,  the solution was then 
diluted in ethyl acetate (20 mL) and washed with distilled water (3x). The organic 
fraction was then dried using anhydrous Na2SO4 and the solvent was removed by 
rotary evaporator. A red solid was obtained after purification by column 
chromatography using hexanes/ethyl acetate (1:3). Yield > 95 %. 1H NMR (300MHz, 
CDCl3, δ ppm): 10.02 (s, 1H), 8.74 (d, J = 2.1 Hz, 1H), 8.31 (d, J = 3.6 Hz, 1H), 8.19 (d, 
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J= 4.2 Hz 1H), 7.95 (d, 1H), 7.85 (d, J = 3.6 Hz, 1H), 6.57 (d, 1H), 5.96 (d, J = 4.2 Hz, 
1H), 3.32 (t, 4H), 2.01 (t, 4H). 13C NMR (75 MHz, CDCl3, δ ppm): 183.7, 168.0, 167.2, 
163.6, 161.3, 150.1, 146.9, 144.8, 137.0, 136.2, 131.2, 130.0, 120.2, 109.1, 104.1, 
50.7, 26.0. MS (TOF MS LD+): m/z 409.0901 [M + H]+ (calc. for C19H17N6OS2: 
409.0905). 
2-((5-(4-(1H-pyrazol-1-yl)-6-(5-(pyrrolidin-1-yl)thiophen-2-yl)-1,3,5-triazin-2-
yl)thiophen-2-yl)methylene)malononitrile (11): To a 25 mL round bottom flask 
was added 10 (0.4 mmol), NaHCO3 (30 mol %), malononitrile (0.5 mmol) and THF 
(10 mL). The reaction was stirred at room temperature under nitrogen for 24 hours. 
After completion, the solution was diluted with 20 mL of ethyl acetate and washed 
with distilled H2O. The organic fraction was then dried using anhydrous Na2SO4 and 
the solvent was removed by rotary evaporator. A dark brown solid was obtained 
after purification by flash column chromatography using toluene/ethyl acetate 
(1:1). Yield 55%. 1H NMR (300 MHz, CDCl3, δ ppm): 8.68 (d, J = 2.7 Hz, 1H), 8.23 (d, J 
= 3.9 Hz, 1H), 8.14 (d, J = 3.9 Hz, 1H), 7.91 (d, 1H), 7.82 (d, 1H), 7.79 (s, 1H), 6.53 (dd, 
1H), 5.94 (d, J = 4.5 Hz, 1H), 3.47 (t, 4H), 2.14 (t, 4H). 13C NMR (75 MHz, CDCl3, δ 
ppm): 168.1, 164.1, 161.4, 150.8, 145.0, 138.9, 138.1, 137.5, 131.7, 130.1, 111.9, 
113.8, 112.9, 109.3, 104.5, 81.1,cf 50.9, 26.0.MS (TOF MS LD+): m/z 457.1016 [M + 
H]+ (calc. for C22H17N8S2: 457.1017). 
2-(thiophen-2-yl)-1,3-dioxolane (12):  Prepared using a literature procedure 
reported by Jiang et al.31 To a 100 mL flask was added 2-thiophenecarboxylic acid 
(44.5 mmol), ethylene glycol (66.8 mmol), p-toluenesulfonic acid, and toluene 50 
mL. The flask was then equipped to a dean-stark apparatus, heated to 160 °C (oil 
bath temperature) and stirred for 24 hours under nitrogen. After cooling to room 
temperature, the solution was diluted with diethyl ether and washed with aqueous 
NaHCO3 (2x) and H2O (2x). The organic fraction was then dried over anhydrous 
Na2SO4 and the solvent was removed by rotary evaporator. The final product was 
obtained after purification by Kugelrohr distillation. Yield 95%. 1H NMR (300MHz, 
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(5-(1,3-dioxolan-2-yl)thiophen-2-yl)tributylstannane (13): To a solution of 2-
(thiophen-2-yl)-1,3-dioxolane (6.4 mmol) in THF cooled to -78 °C, n-butyllithium 
(6.4 mmol) was added dropwise and stirred for 1 hour under nitrogen. Tributyltin 
chloride (6.7 mmol) was then added dropwise to the solution which was maintained 
at -30 °C and stirred overnight. After completion, the resulting solution was diluted 
with Et2O (30 mmol) and washed with distilled H2O (3x). The organic fraction was 
then dried over anhydrous sodium sulfate and the solvent was removed by rotary 
evaporator. The final product was obtained after purification by Kugelrohr 
distillation. Yield 95%. 1H NMR (300MHz, CDCl3, δ ppm): 7.28 (d, 1H), 7.05 (d, 1H), 
6.15 (s, 1H), 4.17 (m, 4H), 1.58 (m, 2H), 1.38 (m, 2H), 1.12 (m, 2H), 0.93 (m, 2H). 13C 
NMR (75 MHz, CDCl3, δ ppm): 146.8, 138.5, 135.1, 127.6, 100.5, 65.4, 29.0, 27.4, 
31.8, 10.9.32  
1-(thiophen-2-yl)pyrrolidine (14): Prepared using a literature procedure reported 
by Lu et al.33 2-Iodothiophene (9.5 mmol), pyrrolidine (14.3 mmol), copper (I) 
iodide (0.95 mmol), K3PO4·H2O (19 mmol) was added to a 50 mL flask dissolved and 
dissolved in 20 mL  of dimethylaminoethanol. The flask was equipped to a 
condenser and the solution was stirred overnight at 60 °C under positive nitrogen 
environment. After completion, the resulting solution was diluted with diethyl ether 
and washed with distilled water (3x). The combined organic fractions were then 
dried using anhydrous sodium sulfate and the solvent was removed by rotary 
evaporator. The final product was obtained after purification by Kugelrohr 
distillation. Yield 80%. 1H NMR (300MHz, CDCl3, δ ppm): 6.81 (dd, 1H), 6.40 (dd, 
1H), 5.77 (dd, 1H), 3.29 (m, 4H), 2.04 (m, 4H). 13C NMR (75  MHz, CDCl3, δ ppm): 
155.8, 126.7, 108.1, 99.8, 51.0, 25.7. 
1-(5-(tributylstannyl)thiophen-2-yl)pyrrolidine (15): To a solution of 1-
(thiophen-2-yl)pyrrolidine (6.5 mmol) in THF cooled to -78 °C, n-butyllithium (6.5 
mmol) was added dropwise and stirred for 1 hour under nitrogen. Tributyltin 
chloride (7.1 mmol) was then added dropwise to the solution which was maintained 
at -30 °C and stirred overnight. After completion, the resulting solution was diluted 
with Et2O (30 mL) and washed with distilled H2O (3x). The organic fraction was 
Chapter 7 
255 
References begin on page 255 
 
then dried over anhydrous sodium sulfate and the solvent was removed by rotary 
evaporator. The final product was obtained after purification by Kugelrohr 
distillation but was unstable and characterized solely by H-NMR. It can be stored for 
a few days under Ar at -30 °C. Yield 95%. 1H NMR (300MHz, CDCl3, δ ppm): 6.85 (dd, 
1H), 5.91 (d, 1H), 3.28 (m, 4H), 2.00 (m, 4H), 1.60 (m, 6H), 1.34 (m, 6H), 1.06 (m, 
6H), 0.89 (m, 9H).34 
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Supporting Information to Chapter 7 
Absorption Measurements 
 
Figure SI-7.1: UV-Vis spectra of 11 in CH2Cl2 at different concentrations. 
 
Figure SI-7.2: UV-Vis Spectra of 11 in CH2Cl2 at different concentrations with tangent 
lines for the calculation of absorbance ratios in Table SI-7.1. 
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Figure SI-7.3: Normalized UV-Vis spectra of 11 and a 1:1 mol mixture of 4 and 7 in 
CH2Cl2 and as thin film. 
 
 
Figure SI-7.4: Normalized UV-Vis spectra of 4, 7, 11 and 1:1 mol mixture of 4 and 7 as 
thin film on quartz. 
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Figure SI-7.5: Normalized UV-Vis spectra of 11 in various solvents at different 
concentrations and the area under the curve from 460 nm to 670 nm shown. The 
relative intensity of the absorption of the long wavelength tails remained unchanged. 
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Table SI-7.1: 
Concentration Absorbance at 
max 
Absorbance at 






6.6 x 10-6 M 0.2797 0.0370 7.56 
8.8 x 10-6 M 0.4055 0.0555 7.31 
1.3 x 10-5 M 0.5745 0.0756 7.60 
2.0 x 10-5 M 0.8325 0.1123 7.41 
2.2 x 10-5 M 0.9552 0.1303 7.33 
4.4 x 10-5 M 1.9482 0.2647 7.36 








Cyclic voltammogram of 3 at 200 mV/s. Cyclic voltammogram of 4 at 200 mV/s. 
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Cyclic voltammogram of 7 in DCM at 50 mV/s. Cyclic voltammogram of 11 at 500 mV/s. 
Figure SI-7.6: Cyclic voltammograms of solvent + electrolyte, 4, 7 and 11.   
Differential Scanning Calorimetry 
 
Figure SI-7.7: DSC curves of 3 at 5 °C/min (red and green are the first and second 
heating runs, blue and purple are the first and second cooling runs, respectively). 
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Figure SI-7.8: DSC curves of 4 at 5 °C/min (red and green are the first and second 
heating runs, blue and purple are the first and second cooling runs, respectively). 
 
Figure SI-7.9: DSC curves of 7 at 5 °C/min (black and blue are the first and second 
heating runs, red and green are the first and second cooling runs, respectively). 
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Figure SI-7.10: DSC curve of 11 at 5 °C/min (red is cooling, blue is heating). The 
irreversible melting transition observed by POM and XRD is not seen by DSC because of 
its broad temperature range and probably low enthalpy. 
 
Figure SI-7.11: Variable temperature pXRD measurements of 11 on heating. The low 
intensity reflections observed for the isotropic material between 10 – 30 2-theta are 
likely caused by slowly formed polymeric material, although the fully polymerized 
sample is optically isotropic. 
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Figure SI-7.12: Polarized micrographs (crossed polarizers) of the soft crystal phase of 
compound 11 (25 ºC) at magnifications of x100, x200, and x500. To obtain a 
sufficiently thin sample, 11 was pressed to a thin film at a pressure of 10.000 psi (690 
bar) at room temperature. 
 
Figure SI-7.13: Polarized micrograph (polarizers at an angle of 80º) of compound 11 
in its isotropic liquid phase at 208 ºC. The compound has converted into an insoluble 
amorphous material, which is indicative of a polymerization. 
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Summary of the Density Functional Theory (DFT) Calculations 
All calculations were completed using the Gaussian09 Rev. E.01 and Gaussian16 
Rev. A.02 packages.1 Geometries of molecules 3, 4, 7, and 11 were optimized at the 
PBE0/6-31+G(d,p) level,2-4  and normal-mode analyses were carried out to ensure 
that a minimum geometry was reached.  
Time-dependent density functional theory (TDDFT) calculations were used 
to examine the molecular excited-state characteristics. For all TDDFT calculations, 
40 excited states with a 50-50 distribution of singlets and triplets were determined. 
The optimized structures of molecules 3, 4, 7, and 11 were used for TDDFT 
calculations at the PBE0/6-31+G(d,p) level of theory. All TDDFT calculations were 
performed in the gas phase, and, therefore, one might expect some differences 
between the calculated excited-state transitions and experimental observations due 
to the polarizable environment. Natural transition orbitals (NTO) were used to 
visualize hole and electron distributions to determine how molecular composition 
impacts the nature of the excited states. 
Calculated TDDFT Spectra 
Optimized Ground State Geometries 
 
Figure SI-7.14: TDDFT-derived spectra of molecules 3 (top left), 4 (top right), 7 
(bottom left), and 11 (bottom right) at the PBE0/6-31+G(d,p) level. 
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For 11 (Figure SI-7.14), the first four excitations are composed of a low energy 
transition with small oscillator strength at 580 nm (2.14 eV), followed by three 
strong peaks at 377 nm (3.29 eV), 349 nm (3.55 eV), and 342 nm (3.63 eV). The low-
energy excitation is a HOMO  LUMO transition, where the HOMO delocalized from 
the pyrrolidine through the connected thiophene and to the triazine core while the 
LUMO is delocalized from the vinyl malononitrile group through its connecting 
thiophene and on to the triazine core. These molecular orbitals indicate that the 
transition possesses intramolecular charge-transfer character. The NTO of the hole 
and electron for this excitation also shows this character (Figure SI-7.15).  
 
Figure SI-7.15: Hole (blue) and electron (silver) for the first bright excited state (S0-
S3) of molecule 11 with the transition dipole moment (2.67 Debye) (green) at the 
PBE0/6-31+G(d,p) level of theory. 
Table SI-7.2: 
analogs of 3, 4, 7, and 11 (denoted 3b, 4b, 7b, and 11b, respectively) as determined via 
TDDFT calculations at the PBE0/6-31+G(d,p) level. The ground state geometries of 
these analogs were optimized via DFT at the PBE0/6-31+G(d,p) level, and minima 
were confirmed by normal mode analyses. 
 S0S1   
 
E (eV) λ (nm) f 
3b 4.00 310 0.01 
4b 3.27 379 0.10 
7b 2.98 416 0.04 
11b 1.90 652 0.01 
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Figure SI-7.16: Hole (left) and electron (right) distributions for the first bright excited 
state of each molecule at the PBE0/6-31+G(d,p) level. Molecule, transition, NTO 
coefficient: (A) 3, S0-S9, 0.86; (B) 4, S0-S4, 0.99; (C) 7, S0-S5, 0.99; (D) 11, S0-S3, 1.00. 
Rotational Barriers, Rotamer Energies, and Electronic Excitations 
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Figure SI-7.17: Torsional barriers for the functional arms of 3, 4, 7, and 11 at the 
PBE0/6-31+G(d,p) level. Angles for the torsion between the triazine core and the 
thiophene ring that may be functionalized with the vinyl malononitrile group (A) and 
the torsion between the triazine core and the thiophene that may be functionalized 
with the pyrrolidine group (B) begin at 0° with the sulfur in an anti configuration with 
respect to the pyrazole and finish at 180° in a syn configuration. The torsion angles for 
the pyrazole group (C) and the cyano group (D) begin in the orientations shown in the 
insets. Dashed black lines correspond to the fragments that contain only the necessary 
functional groups for the torsion, solid black lines correspond to 3, blue corresponds to 
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Figure SI-7.17: Key representing the nomenclature used in the rotamer naming Table 
S3. Different permutations of l, r, u, and d were considered (not all permutations are 
shown in the key). 
Table SI-7.3: Relative rotamer energies (eV), dipole moments (D), and select 
information pertaining to the S0-S1 as determined at the PBE0/6-31+G(d,p) level. A 
key representing the nomenclature used in the rotamer naming is given in Figure SI-
7.17. 
   S0S1 
 
ΔE (kcal/mol) Dipole (D) E (eV) λ (nm) f 
3-dd-r 0.29 1.9 3.97 312 0.17 
3-du-l 0.00 1.9 3.98 311 0.19 
3-ud-l 0.56 2.5 3.98 312 0.19 
3-uu-r 0.51 2.6 3.99 311 0.21 
   
   
4-dd-l 0.14 5.1 3.06 405 0.12 
4-dd-r 0.18 7.1 3.11 399 0.12 
4-du-l 0.00 5.8 3.07 404 0.14 
4-du-r 0.60 7.8 3.12 397 0.14 
4-ud-l 0.28 4.0 3.09 402 0.11 
4-ud-r 0.01 7.2 3.16 392 0.13 
4-uu-l 0.28 4.7 3.09 401 0.14 
4-uu-r 0.57 7.7 3.17 391 0.15 
   
   
7-dd-l 0.93 6.6 3.11 399 0.02 
7-dd-r 0.49 7.6 3.24 383 0.02 
7-du-l 0.31 6.7 3.19 389 0.07 
7-du-r 1.44 10.0 3.33 372 0.69 
7-ud-l 1.00 6.0 3.09 401 0.02 
7-ud-r 0.00 6.9 3.24 383 0.03 
7-uu-l 0.85 6.7 3.17 391 0.09 
7-uu-r 1.44 9.9 3.33 372 0.66 
   
   
11-dd-l 0.42 4.8 1.91 648 0.01 
11-dd-r 0.03 8.1 2.02 613 0.02 
11-du-l 0.52 13.0 2.05 606 0.05 
11-du-r 1.71 15.7 2.20 563 0.05 
11-ud-l 0.69 7.7 1.96 632 0.03 
11-ud-r 0.00 10.7 2.10 591 0.03 
11-uu-l 0.72 12.8 2.05 604 0.08 
11-uu-r 1.62 16.1 2.24 554 0.08 
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Note that for 11 – 3.3 eV with a large 
oscillator strength. 
 
Figure SI-7.19: TDDFT-derived spectra of 11 derived at the PBE0/6-31+G(d,p) level of 
theory for a constrained, ground-state optimized where the pyrazole group is rotated 
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Figure SI-7.20: TDDFT-derived spectra of 11 derived at the PBE0/6-31+G(d,p) level of 
theory for a constrained, ground-state optimized where the pyrrolidine group is 
rotated in 10⁰ increments from 0 – 180⁰. 
 
Figure SI-7.21: TDDFT-derived spectra of 11 derived at the PBE0/6-31+G(d,p) level of 
theory for a constrained, ground-state optimized where the pyrrolidine-thiophene 
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Figure SI-7.22: TDDFT-derived spectra of 11 derived at the PBE0/6-31+G(d,p) level of 
theory for a constrained, ground-state optimized where the vinyl malononitrile group 
is rotated in 10⁰ increments from 0 – 180⁰. 
 
Figure SI-7.23: TDDFT-derived spectra of 11 derived at the PBE0/6-31+G(d,p) level of 
theory for a constrained, ground-state optimized where the vinyl malononitrile-
thiophene group is rotated in 10⁰ increments from 0 – 180⁰. 
The NTO for the rotamers and constrained rotated structures are largely unchanged 
(see GIFs available in the SI), though rotations of pyrrolidine, pyrrolidine-thiophene, 
vinyl malononitrile, or vinyl malononitrile-thiophene moieties near 90⁰ do limit the 
extension of the hole (first two groups) or electron (latter two groups) onto the 
triazine, limiting the wavefunction overlap and weakening the already low oscillator 
strength CT transition. 
Bond Dissociation Energies 
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Figure SI-7.24: Key representing the nomenclature used in the rotamer naming for 
Table S6. Different permutations of l, r, u, and d were considered (not all permutations 
are shown in the key). 
Table SI-7.4: Bond dissociation energies for removal of hydrogen from hydroxyl group 
at the PBE0/6-31+G(d,p) level for the structures shown in Figure SI-7.24. 
 
BDE (kcal/mol) ΔBDE (kcal/mol) 
2-hydroxytriazine 116.19 --- 
 
  
X = H   
d-l 117.12 0.93 
d-r 117.56 1.37 
u-l 117.28 1.09 
u-r 117.52 1.32 
   
X = pyrrolidine   
d-l 112.52 -3.68 
d-r 112.91 -3.29 
u-l 111.37 -4.83 
u-r 111.72 -4.48 
   
X = vinyl malononitrile   
d-l 118.51 2.32 
d-r 119.33 3.14 
u-l 119.31 3.12 
u-r 119.28 3.08 
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Figure SI-7.25: Key representing the nomenclature used in the rotamer naming for 
Table S5. Different permutations of l, r, u, and d were considered (not all permutations 




Table SI-7.5: Bond dissociation energies (BDE) at the PBE0/6-31+G(d,p) level for the 
hypothetical OH-substituted triazine core. The key representing the nomenclature is 





2-hydroxytriazine 116.19 --- 
   
3-OH-ud-l 118.25 2.06 
3-OH-ud-r 118.04 1.85 
3-OH-uu 118.31 2.11 
3-OH-dd 117.99 1.80 
 
  
4-OH-dd-l 112.87 -3.59 
4-OH-dd-r 112.83 -3.63 
4-OH-du-l 112.39 -3.54 
4-OH-du-r 112.57 -3.36 
4-OH-ud-l 112.21 -3.98 
4-OH-ud-r 112.13 -4.06 
4-OH-uu-l 112.33 -3.86 
4-OH-uu-r 112.46 -3.73 
   
7-OH-dd-l 118.24 2.05 
7-OH-dd-r 118.61 2.41 
7-OH-du-l 117.85 1.65 
7-OH-du-r 118.42 2.23 
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7-OH-ud-l 119.11 2.91 
7-OH-ud-r 118.60 2.40 
7-OH-uu-l 119.01 2.81 
7-OH-uu-r 118.24 2.05 
   
11-OH-dd-l 109.42 -6.77 
11-OH-dd-r 109.01 -7.18 
11-OH-du-l 111.79 -4.41 
11-OH-du-r 112.26 -3.93 
11-OH-ud-l 109.77 -6.43 
11-OH-ud-r 109.32 -6.87 
11-OH-uu-l 111.64 -4.55 
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Figure SI-7.26: Spin densities for the low-energy conformations explored in the BDE 
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Summary and Future Work 
8.1 Summary 
In search of liquid crystalline compounds that self-assemble into columnar 
structures with little to no side-chains, many mesomorphic dyes based on 1,3,5-
triazines have been developed. The advances and structure-property relationships 
we have discovered throughout this study are summarized below. 
The 1,3,5-triazine core was proven to be a versatile synthetic scaffold for 
generating mesomorphic compounds with interesting thermal behaviour. The 
conformational flexibility of the triazines presented here significantly reduced the 
crystalline stability of these types of structures. This led to the generation of 
numerous triazine derivatives that exhibited a wide-range of phases including 
amorphous glasses, plastic crystalline, discotic nematic, columnar rectangular, 
columnar oblique, smectic A, and columnar lamellar phases.  
Importantly, it was found that molecules possessing functional groups that 
promote strong lateral interactions (e.g. carbonitriles, esters, and cyanoacrylates) 
increase the molecules propensity for mesomorphism. In addition, a new structural 
requirement for biasing discotic nematic mesomorphism was discovered which 
suggest that discotic nematic phases are preferentially formed by structures 
possessing core volumes that are at least equal to or larger than the total volume of 
the side-chains. This allows for a better understanding of the design criteria for 
developing molecules that exhibit the elusive discotic nematic phase. In addition, 
these compounds are promising candidates for charge transport materials because 
it can be uniformly aligned over large macroscopic areas on solid substrates. 
Lowering the symmetry of polyaromatic compounds was shown to be an 
effective method for developing conjugated systems that are highly soluble without 
incorporating solubilizing-chains. This can be utilized as a general approach for 
maximizing the π-density of conjugated compounds that reduces the non-





low-symmetry, shape anisotropy, and the attachement of strong donor and acceptor 
units to the triazine core generated a soft crystalline mesophase with strong π-
stacking interactions. While it is not liquid crystalline, it is a promising starting point 
for the development side-chain free discotic liquid crystals. 
In addition to the interesting phase behavior of these compounds, the 
triazines presented here exhibited excellent optical and electronic properties. The 
electron deficient nature of the triazine core and its meta-substitution pattern with 
various heterocycles led to donor-acceptor structures with additive 
subchromophore characteristics and small HOMO-LUMO gaps. Most interesting is 
the observation of ground state meta-coupling between donor-acceptor units in 
Chapter 8. Meta-conjugation is a term that has been typically reserved for the 
excited state electronic coupling between meta-substituted chromophores, while 
very few reports exists of meta-coupling in the ground state and not to the extent 
observed here.   
Finally, we have also explored numerous synthetic pathways to access both 
symmetric and low-symmetry triazine derivatives. Notably, we demonstrated the 
efficiency in using microwave-assisted Stille cross coupling reactions to cyanuric 
chloride in terms of the ease of synthesizing stannane derivatives, reaction time, 
yields, and generally does not require much optimization. Furthermore, we showed 
that each chlorine atom of cyanuric chloride can be substituted in a step-wise 
manner, although statistically, using nucleophilic substitutions, Stille or Suzuki cross 
coupling reactions. 
8.2 Future Work 
This thesis has covered the fundamentals of both symmetric and low-symmetry 
triazines including their synthesis and thermal, structural, optical and electronic 
properties. Still, these structures can be used to expand our understanding of how 
charge transport can be made more efficient by molecular design. Most promising 
are the molecules generated in Chapters 5 and 7 which should be tested in 





In Chapter 5, the tristhiophenyl cyano acrylate triazines with few side-chains 
should be tested in OFET devices because they exhibit nematic, smectic and 
columnar lamellar phases. This provides the unique opportunity to study the impact 
of side-chain length and phase type on charge transport properties. Of particular 
interest is the charge transport characteristics of the triazines in the discotic 
nematic phase since they are rarely studied despite the fact that they can be 
uniformly aligned over a large macroscopic area and may possess 3-D charge 
transport characteristics.1 In addition, most of the molecules exhibit soft crystalline 
phases or columnar lamellar phases at room temperature with strong π-stacking 
interactions that might give high charge carrier mobilities.  
  In Chapter 7, the donor-acceptor triazines should be tested in OFET and 
photovoltaic devices because they do not posses any flexible side-chains, have small 
HOMO-LUMO gaps and give a mesomorphic packing structure with short π-stacking 
distances. This would be an excellent structure as a proof of concept for the 
development of optoelectronic devices with improved mobilities based on 
polyaromatic compounds with no side-chains. In addition, the meta-substitution of 
the donor and acceptor units may be beneficial for charge transport material as 
some meta-conjugated compounds (e.g. phenylacetylene based donor-acceptors) 
have shown enhanced charge separation versus recombination that facilitates 
better performance in optoelectronic devices.2-4 In addition to testing them in 
devices, other structures can be developed based on this design to better 
understand the optical and electronic behaviour of these molecules and to improve 
their stability. Specifically, similar structures using different cores (e.g. benzene), 
and donor/acceptor groups with similar shapes and size should be synthesized to 
compare its impact on the meta-coupling. DFT calculations suggest the electronic 
interaction is still present in benzene derivatives, but to a lesser extent. 
On top of the molecules reported here, another promising design for 
molecules exhibiting high charge carrier mobilities is the repositioning of the side-
chains to the bay areas (i.e. polyaromatic compounds with internal/lateral side-





and can generate more conductive pathways leading to higher charge carrier 
mobilities as observed by Miyake et al.5 and Liu et al.6 In this context, we have 
performed some preliminary work on developing symmetric tris(bisthiophene)-
triazines with external and internal side chains (Figure 8.1). However, all of the 
molecules gave glassy rather than liquid crystal phases because of the large number 
of conformers with different shapes and positions of side-chains that make it 
difficult for them to organize. The next step is to evaluate triazine structures with 
oligothiophenes possessing 2 side-chains in each arm. This not only increases the 
size of the conjugated core but also ensures that at least two side-chains occupy the 
space between arms.  
 
Figure 8.1: Triazines with lateral side-chains. 
Ultimately, these compounds with few or no side-chains are expected to be 
easily solution processed onto solid substrates with improved electronic properties 
compared to conventional discotic systems with six or more side-chains. The 
removal of side-chains should allow for more effective orbital overlap between two 
stacked π-systems leading to charge carrier mobilities greater than 0.1 cm2 V-1 s-1 
along the stacking direction. In addition, charge carrier mobilities orthogonal to the 
stacking direction is expected to be much higher compared to conventional systems 
due to the reduced lateral distances between molecules making these materials less 
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A2: NMR Spectra and crystallographic data 
















Name:  Hi Taing 
Year of Birth: 1991 
Place of Birth: Ho Chi Minh City, Vietnam 
Education: Ph.D Chemistry, (2019) 
University of Windsor, Windsor, Ontario, Canada 
 
B. Sc. Honours Biochemistry with Thesis, Distinction 
(2013) University of Windsor, Windsor, Ontario, 
Canada 
 
Essex District High School (2009)  
Windsor, Ontario, Canada 
 
Journal Publications 
1. Taing, H.; Cassar, A. M.; Ocheje, M. U.; Rondeau-Gagne, S.; El-Assaad, T. H.; 
Sharabati, C. A.; Kaafarani, B.; Eichhorn, S. H. Self-Assembly of Board-Shaped 
Diketopyrrolopyrrole and Isoindigo Mesogens into Columnar π-π Stacks. 
ChemPlusChem, ASAP. 
2. Hiscock, L. K.; Raycraft, B.; Walesa-Chorab, M.; Cambe, C.; Malinge, A.; Skene, W. 
G.; Taing, H.; Eichhorn, S. H.; Dawe, L.; Maly, K. Synthesis and Characterization of 
Liquid Crystalline Tetraoxapentacene Derivatives Exhibiting Aggregation-
Induced Emission. Chem. – Eur. J. ASAP. 
3. Taing, H.; Rothera, J. G.; Binder, J. F.; Macdonald, C. L. B.; Eichhorn, S. H. 1,3,5-
Triazine(Trithiophenylcarboxylate) Esters Form Metastable Monotropic 






4. Kayal, H.; Ahmida, M. M.; Dufour, S.; Taing, H.; Eichhorn, S. H. Cross-Linking of 
Discotic Tetraazaporphyrin Dyes in 2 and 3 Dimensions by “Click” Chemistry. J. 
Mater. Chem. C 2013, 1 (42), 7064–7072. 
Oral Presentations 
1. Taing, H., Eichhorn, S. H., Triazine based Functional Materials – Self-
organization, Meta-Conjugation and Panchromatism, 101st Canadian 
Chemistry Conference and Exhibition, 2018, Edmonton, Canada 
2. Taing, H., Eichhorn, S. H., Discotic Nematic Mesomorphism in 1,3,5-Triazines 
substituted with Thiophene Carboxylates, 45th Ontario-Quebec Physical 
Organic Minisymposium, 2017, Waterloo, Canada 
3. Taing, H., Eichhorn, S. H., Donor-acceptor and Panchromatic Dyes Containing 
2,4,6-Trithienyl-1,3,5-Triazine Cores. 100th Canadian Chemistry Conference 
and Exhibition, 2017, Toronto, Canada 
4. Taing, H., Eichhorn, S. H., Tailoring Materials Properties of Polyaromatic 
1,3,5-Triazine Derivatives with Symmetric and Nonsymmetric Substitution 
Patterns. 3rd Crystal Engineering and Emerging Materials Workshop of 
Ontario and Quebec, 2016, Windsor, Canada 
5. Taing, H., Eichhorn, S. H., Self-Organzation and Unusual Subchromophore 
Interactions in Symmetric and Asymmetric Triazine Dyes. 99th Canadian 
Chemistry Conference and Exhibition, 2016, Halifax, Canada 
6. Taing, H., Eichhorn, S. H., Complex Phase Behavior of Mesomorphic and 
Crystalline Dyes. 43rd Annual Conference of North American Thermal 
Analysis Society, 2015, Montreal, Canada 
7. Taing, H., Eichhorn, S. H., Surprising Subchromophore Interactions in Low-
Symmetry 1,3,5-Triazines. 43rd Ontario-Quebec Physical Organic 
Minisymposium, 2015, Windsor, Canada 
8. Taing, H., Eichhorn, S. H., Low Symmetry Triazine Derivatives for Crystal and 
Liquid Crystal Engineering. The International Chemical Congress of Pacific 






9. Taing, H., Eichhorn, S. H., Synthesis and Characterization of Side-chain Free 
Columnar Discotic Liquid Crystals. 41st Southern Ontario Undergraduate 
Student Chemistry Conference, 2013, Hamilton, Canada 
Poster Presentations 
1. Taing H., Eichhorn, S. H., Meta-substituted Donor-Acceptor and Panchromatic 
Dyes Containing 1,3,5-Triazine Cores. 4th Crystal Engineering and Emerging 
Materials Workshop of Ontario and Quebec, 2017, Waterloo, Canada 
2. Taing H., Eichhorn, S. H., Nematic Discotic Liquid Crystals by Design. 26th 
International Liquid Crystal Conference, 2016, Kent, United States 
3. Taing H., Eichhorn, S. H., New Organic Dyes and Functional Materials Derived 
from Low Symmetry Star-Shaped Triazine Derivatives. 25th Quebec and 
Ontario Mini-Symposium in Synthetic and Bioorganic Chemistry, 2016, 
Waterloo, Canada 
4. Taing, H., Eichhorn, S. H., Breaking the Symmetry Enhances Optoelectronic 
Properties of Triazine Derivatives. 98th Canadian Chemistry Conference and 
Exhibition, 2015, Ottawa, Canada 
5. Taing, H., Eichhorn, S. H., Towards Side-Chain Free Discotic Liquid Crystals. 
25th International Liquid Crystal Conference, 2014, Dublin, Ireland 
6. Taing, H., Eichhorn, S. H., Low-Symmetry Triazines as New Organic 
Semiconductors and Dyes. 25th Quebec and Ontario Minisymposium In 
Synthetic and Bioorganic Chemistry, 2014, Windsor, Canada 
7. Taing, H., Eichhorn, S. H., Towards the Synthesis and Characterization of Side 
Chain Free Columnar Discotic Liquid Crystals. 96th Canadian Chemistry 
Conference and Exhibition, 2013, Quebec City, Canada 
Scholarships and Awards: 
Award Amount Type  Year Held 
101st CSC Exhibition – 3rd Place 
Molecular Materials Oral 
Presentation Award  






Natural Sciences and Engineering 
Research Council: PGS-D   
$21,000 National 2015 - 2018 
Natural Sciences and Engineering 
Research Council: CGS-M   
$17,500 National 2014 
Ontario/Baden-Wurttemberg 
Summer Research Scholarship 
$3,500 Provincial 2014 
Ontario Graduate Scholarship - 
Declined 
$15,000 Provincial 2014 
Ontario Graduate Scholarship $15,000 Provincial 2013 
41st SOUSCC – 1st Place Organic 
Materials Oral Presentation Award 
$200 Provincial 2013 
University of Windsor Graduate 
Entrance Scholarship 
$2,500/yr Institutional 2013 - 2014 
John Carter William Scholarship $2,500 Institutional  2012 
University of Windsor Entrance 
Scholarship 
$1,000/yr Institutional  2009 - 2013 
 
